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Summary

In the past decade, few issues at the intersection of medicine and sports
have had as high a profile or have generated as much public interest as
sports-related concussions. In recent years there has been a growing aware-
ness and understanding that all concussions involve some level of injury to
the brain and that athletes suspected of having a concussion should be re-
moved from play for further evaluation (CDC, 2013; Halstead et al., 2010).
Despite the increased attention, however, confusion and controversy persist
in many areas, from how to define a concussion and how multiple concus-
sions affect the vulnerability of athletes to future injury, to when it is safe
for a player to return to sports and the effectiveness of protective devices
and other interventions in reducing the incidence and severity of concussive
injuries (Wilde et al., 2012). Parents worry about choosing sports that are
safe for their children to play, about finding the equipment that can best
protect their children, and about when, if a child does receive a concussion,
it will be safe for him or her to return to play or if it might be time to quit
a much-loved sport entirely.

It is within this context that the Institute of Medicine (IOM) and Na-
tional Research Council (NRC), in October 2012, convened the Committee
on Sports-Related Concussions in Youth to review the science of sports-
related concussions in youth from elementary school through young adult-
hood, including military personnel and their dependents, and to prepare
a report on that topic based on that review. The committee was charged
with reviewing the available literature on concussions within the context of
developmental neurobiology, specifically relating to the causes of concus-
sions, their relationship to impacts to the head or body during sports, the

Copyright © National Academy of Sciences. All rights reserved.
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2 SPORTS-RELATED CONCUSSIONS IN YOUTH

effectiveness of protective devices and equipment, screening for and diag-
nosis of concussions, their treatment and management, and their long-term
consequences. Specific topics of interest included

e the acute, subacute, and chronic effects of single and repetitive
concussive and non-concussive head impacts on the brain;

e risk factors for sports concussions, post-concussion syndrome, and
chronic traumatic encephalopathy;

e the spectrum of cognitive, affective, and behavioral alterations
that can occur during acute, subacute, and chronic posttraumatic
phases;

e physical and biological triggers and thresholds for injury;

e the effectiveness of equipment and sports regulations in preventing
injury;

e hospital- and non-hospital-based diagnostic tools; and

e treatments for sports concussions.

Based on its review of the available evidence, the committee was asked
to identify findings in each of the above topic areas and to make recom-
mendations geared toward research funding agencies, legislatures, state and
school superintendents and athletic directors, athletic personnel, military
personnel, parents, and equipment manufacturers.

The study was sponsored by the Centers for Disease Control and
Prevention (CDC), the CDC Foundation with support from the National
Football League, the Department of Defense, the Department of Education,
the Health Resources and Services Administration, the National Athletic
Trainers’ Association Research and Education Foundation, and the Na-
tional Institutes of Health.

EPIDEMIOLOGY

As this report discusses, there is currently a lack of data to accurately
estimate the incidence of sports-related concussions across a variety of
sports and for youth across the pediatric age spectrum. Nevertheless, ex-
isting data suggest that sports-related concussions represent a significant
public health concern. It has been estimated that as many as 1.6 million to
3.8 million sports- and recreation-related traumatic brain injuries (TBIs),
including concussions and other head injuries, occur in the United States
each year (Langlois et al., 2006). Because many concussions go unreported,
this figure likely represents a conservative estimate. Data also suggest that
an increase in reported sports-related concussions has occurred in recent
years, a trend that may have been caused by a greater awareness of con-
cussions. For example, a review of National Collegiate Athletic Associa-

Copyright © National Academy of Sciences. All rights reserved.
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SUMMARY 3

tion data for 15 sports showed that the overall reported concussion rate
doubled from 1.7 to 3.4 concussions per 1,000 athletic exposures' between
the 1988-1989 and 2003-2004 academic years (Hootman et al., 2007).
Among youth ages 19 and under, the reported number of individuals treated
for concussions and other nonfatal, sports- and recreation-related TBIs
increased from 150,000 to 250,000 between 2001 and 2009. The rate of
emergency department visits for such injuries increased 57 percent over the
same time period (Gilchrist et al., 2011).

The incidence of reported concussions varies substantially by sport (see
Table S-1). Available data show that among male athletes in the United
States at the high school and collegiate levels, football, ice hockey, lacrosse,
wrestling, and soccer consistently are associated with the highest rates
of reported concussions (Datalys Center, 2013a,b; Gessel et al., 2007;
Hootman et al., 2007; Lincoln et al., 2011; Marar et al., 2012). For female
athletes, the high school and college sports associated with the highest
rates of reported concussions are soccer, lacrosse, and basketball (Datalys
Center, 2013a,b; Gessel et al., 2007; Hootman et al., 2007; Lincoln et al.,
2011; Marar et al., 2012). Women’s ice hockey has one of the highest rates
of reported concussions at the collegiate level (Agel and Harvey, 2010;
Datalys Center, 2013b; Hootman et al., 2007), but data on the incidence
of concussions for female ice hockey players at the high school level are
currently unavailable. A major limitation to existing data on sports-related
concussions in youth is a lack of research on the incidence of such injuries
in nonacademic settings, such as in intramural and club sports, and for
athletes younger than high school age.

Part of the committee’s charge was to examine sports-related con-
cussions among military dependents as well as concussions in military
personnel ages 18 to 21 that result from sports and physical training at
military service academies or during recruit training. There is no evidence
about whether the risks for concussion are different for these youth than for
youth in general, although there is no reason to think that they would be
(Goldman, 2013; Tsao, 2013). The committee also found that among mili-
tary personnel, mild traumatic brain injuries (mTBIs)—of which concus-
sions are one category—represent the majority (about 85 percent in 2012)
of all TBIs and that most mTBIs (about 80 percent in 2012) do not occur
in the deployed setting. These TBIs are instead most commonly caused by
motor vehicle crashes (privately owned and military vehicles), falls, sports
and recreation activities, and military training (DVBIC, 2013). However, it
is unknown what proportion of these injuries are concussions and, among
those, what proportions occur during sports and recreation activities or

! Athletic exposures are the number of practices and competitions in which an individual
actively participates (i.e., in which he or she is exposed to the possibility of athletic injury).
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TABLE S-1 Reported Concussion Rates by Sport, Sex, and Competition
Level (High School and College) (Rates per 10,000 Athletic Exposures)

High School
Datalys

Lincoln et al. Gessel et al. Marar et al. Center?
Sport (1997-2008) (2005-2006) (2008-2010) (2010-2012)
Football 6.0 4.7 6.4 11.2
Ice Hockey (W) — — — —
Ice Hockey (M) — — 5.4 —
Lacrosse (W) 2.0 — 3.5 5.2
Lacrosse (M) 3.0 — 4.0 6.9
Soccer (W) 3.5 3.6 3.4 6.7
Soccer (M) 1.7 2.2 1.9 4.2
Wrestling 1.7 1.8 2.2 6.2
Field Hockey 1.0 — 2.2 4.2
Basketball (W) 1.6 2.1 2.1 5.6
Basketball (M) 1.0 0.7 1.6 2.8
Softball 1.1 0.7 1.6 1.6
Baseball 0.6 0.5 0.5 1.2
Volleyball — 0.5 0.6 2.4

9Reported rates are based on preliminary data from NATA NATION reported by athletic
trainers in participating high schools. Data collection began with 25 schools in 2010-2011
and currently has more than 100 participants in the 2013-2014 academic year.

bThe data from Hootman and colleagues (2007) represent 16 years (1988-2004), except in
the case of women’s ice hockey for which data collection began in 2000.

during military training. Concerning concussions sustained by military
personnel ages 18 to 21 who play intramural or service academy sports,
there is no reason to suspect that the concussion risks are different from
those for nonmilitary athletes of the same age, although military service
academies require certain physical training activities, such as combatives
and ropes courses, and offer other activities, such as boxing, that may pose
a high risk of concussion (Kelly, 2013; Wolfe, 2013). Although the com-
mittee found anecdotal evidence that military personnel sustain concussions
during hand-to-hand combatives training courses (Sapien and Zwerdling,
2012), there are no published data on the occurrence of concussions during
such training.

COMMITTEE’S APPROACH

In approaching its task, the committee performed a review of the peer-
reviewed scientific literature that was relevant to the various aspects of the
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College
Datalys
Hootman et al. Gessel et al. Agel and Harvey Datalys Center¢  Center®
(1988-2004) (2005-2006) (2000-2007) (2004-2009) (2009-2013)
3.7 6.1 — 6.0 6.3
9.1b — 8.2 7.0 5.0
4.1 — 7.2 6.0 8.2
2.5 — — 6.2 5.5
2.6 — — 6.0 3.1
4.1 6.3 — 6.7 6.5
2.8 4.9 — 4.2 3.1
2.5 4.2 — 4.9 12.4
1.8 — — 4.0 14.54
2.2 4.3 — 4.8 6.1
1.6 2.7 — 3.4 3.5
1.4 1.9 — 2.3 3.5
0.7 0.9 — 1.1 0.7¢
0.9 1.8 — 1.8 3.3

“Data for the period 2004-2009 are from the NCAA Injury Surveillance System. The Datalys
Center for Sports Injury Research and Prevention, Inc., assumed management of the NCAA
injury surveillance program in 2009.

dRate calculated with fewer than 30 raw frequencies.

¢Average of participating teams over the time period.

SOURCES: Agel and Harvey, 2010; Datalys Center, 2013a,b; Gessel et al., 2007; Hootman
et al., 2007; Lincoln et al., 2011; Marar et al., 2012.

statement of task. In doing so the committee identified several limitations
to the current scientific evidence base. One such limitation is the use of
terminology that is poorly defined and applied inconsistently across studies
(e.g., “concussion” versus “mild traumatic brain injury”), which made it
challenging for the committee to determine the applicability of many stud-
ies to concussions in youth. The committee acknowledges that there is no
single, universally used definition of “concussion.” A concussion may be de-
scribed as a brain injury that has been induced by biomechanical forces and
that may be identified by a constellation of physical, cognitive, behavioral,
and emotional symptoms and may also be associated with physiological
changes. Of the many existing definitions of “concussion,” the committee
found that the one that is currently most widely used is the definition set
forth at the Fourth International Conference on Concussion in Sport held
in Zurich in November 2012, which states, in part, “Concussion is a brain
injury and is defined as a complex pathophysiological process affecting the
brain, induced by biomechanical forces” (McCrory et al., 2013, p. 1).
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Other limitations to the existing evidence base include the fact that
relatively little research has focused specifically on concussions versus the
more severe forms of TBI, particularly in youth ages 5 to 12; that there are
few published studies on the effectiveness of protective devices and other
interventions to reduce the occurrence of sports-related concussions in
youth; and that there are relatively few data on the psychometric properties
of sideline screening tools. Furthermore, many studies have small sample
sizes and methodological weaknesses that limit the validity of their findings.
However, the committee determined that even studies of limited strength
could provide some useful information and inform future research needs.

As a supplement to its literature review, the committee hosted two
public workshops with presentations and panel discussions on the various
elements of the committee’s statement of task. Speakers included experts
in: the diagnosis, management, and rehabilitation of concussed youth ath-
letes, including their reintegration into academic and athletic settings; the
genetic and neurogenetic sources of increased risk; the development of
biomarkers and imaging technologies for concussion diagnosis and evalu-
ation; protective equipment safety standards and effectiveness; and the
role of sports rules and training in the prevention of sports-related concus-
sions. To help address the portion of its charge concerning concussions
among military personnel and their dependents, an area for which there
is little published research, the committee heard from experts on concus-
sions in military and service academy training programs. In addition, the
committee heard the perspectives of stakeholder representatives, including
athletes, parents, coaches, officials, and youth sports organizations. The
committee’s information gathering also included reviews of previous IOM
and NRC reports such as Is Soccer Bad for Children’s Heads?: Summary of
the IOM Workshop on Neuropsychological Consequences of Head Impact
in Youth Soccer (IOM, 2002), From Neurons to Neighborhoods: The Sci-
ence of Early Childhood Development (IOM and NRC, 2000), and Gulf
War and Health: Volume 7: Long-Term Consequences of Traumatic Brain
Injury (IOM, 2008). Finally, the committee took into consideration cur-
rent consensus and position statements on the diagnosis and management
of sports-related concussions developed by the international Concussion in
Sport Group (McCrory et al., 2013), the American Academy of Neurology
(Giza et al., 2013), the American Academy of Pediatrics (Halstead et al.,
2010), and the American Medical Society for Sports Medicine (Harmon et
al., 2013).

A central part of the committee’s responsibility in preparing this report
was to carefully review the science and evidence related to the causes, in-
cidence, and biophysiology of concussions in youth. The findings, conclu-
sions, and recommendations presented in this report reflect this approach.
Yet, as we did our research, listened to public testimony, and reflected on
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our own experiences, we came to have a growing appreciation for the role
of “culture” in the current recognition and management of concussions
in young athletes. Culture is created by the sum of beliefs and behaviors
within a group. And it is clear to us that currently, in many settings, the
seriousness of the threat to the health of an athlete, both acute and long
term, from suffering a concussion is not fully appreciated or acted upon.
Too many times the committee read or heard first-person accounts of young
athletes being encouraged by coaches or peers to “play through it.” This
attitude is an insidious influence that can cause athletes to feel that they
should jeopardize their own individual health as a sign of commitment to
their teams.

COMMITTEE’S FINDINGS?

Culture of Resistance in Sports Concussion

Despite increased knowledge about concussions and a growing rec-
ognition in recent years that concussions involve some level of injury to
the brain and therefore need to be diagnosed promptly and managed ap-
propriately, there is still a culture among athletes and military personnel
that resists both the self-reporting of concussions and compliance with ap-
propriate concussion management plans. In surveys, youth profess that the
game and the team are more important than their individual health and that
they may play through a concussion to avoid letting down their teammates,
coaches, schools, and parents.

Concussion Definition and Surveillance Needs

The National Collegiate Athletic Association Injury Surveillance Sys-
tem and High School RIO™ (Reporting Information Online) data systems
are the only ongoing, comprehensive sources of sports-related injury data,
including data on concussions, in youth athletes. Such data are not avail-
able for athletes younger than high-school age, nor are they available for
participants in club sports and other youth engaging in competitive and
recreational sports outside of an academic setting. There is currently no
comprehensive system for acquiring accurate data on the incidence of
sports and recreation-related concussions across all youth age groups and
sports. Furthermore, studies of sports-related concussions in youth do not
routinely include information on the race, ethnicity, or socioeconomic

2This section does not include references. Citations to support the committee’s findings are
given in the body of the report.
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status of the participants.’ There are no published data on the incidence
of reported concussions during basic training for military recruits. More
complete epidemiologic data would help researchers identify possible dif-
ferences in the rates of sports-related concussions across subpopulations of
youth and help them assess the effectiveness of interventions in reducing
the incidence of such injuries.

The published literature includes numerous working definitions of
“concussion” and exhibits an inconsistent use of terminology (e.g., con-
founding “concussion” and “mild TBI” even though the latter includes
more severe brain injuries). These differences pose challenges for interpret-
ing and comparing findings across studies on concussion.

Effects of Single and Multiple Concussive and
Non-Concussive Head Impacts

Research primarily involving animals and individuals with more se-
vere head injury has provided a limited framework for understanding the
neuroscience of concussions. This research indicates that there is a series
of molecular and functional changes that take place in the brain following
a head injury, some of which may serve as important biomarkers for the
pathophysiology of concussion. However, little research has been conducted
specifically on changes in the brain following concussions in youth, and
little research has attempted to evaluate differences in such changes be-
tween female and male youth. Research using newer noninvasive imaging
techniques in the first hours and days following injury may help to improve
understanding of the neurobiology of concussion.

Findings of studies of repetitive head impacts (sometimes called “sub-
concussive” impacts) have been mixed, with some showing an association
between such impacts and functional impairments, and others not. Pre-
liminary imaging research suggests that changes in brain white matter may
appear after repetitive head impacts; this preliminary finding is supported
by the animal literature.

Although the findings of studies on the effects of multiple concussions
on cognitive function and symptom presentation have been mixed, more
studies report unfavorable changes than do not. The most commonly ob-
served neuropsychological impairments have been in the areas of memory
and processing speed. Some studies have found that symptom load (i.e., the

3Racial and ethnic differences in rates of reported injury may reflect a number of factors.
These include cultural and psychosocial factors, real or perceived experiences of discrimina-
tion in the health care system that can affect how and whether individuals seek care and the
quality of the care that they receive, socioeconomic status, education, and access to care. Such
differences, if they are found to exist, will suggest areas for future investigation.
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number and severity of symptoms) is increased in athletes with a history
of two or more concussions, but the strongest studies show no differences.
There is some evidence from surveys of retired professional football players
of a positive association between the number of concussions an individual
has sustained and risk for depression. Athletes who have already had one
or more concussions may subsequently have more severe concussions and
may take longer to recover. Preliminary evidence indicates that, in addition
to the number of concussions an individual has sustained, the time interval
between concussions may be an important factor in the risk for and severity
of subsequent concussions.

Risk Factors for Sports-Related Concussions, Post-Concussion
Syndrome, and Chronic Traumatic Encephalopathy

There are normal changes in brain structure, blood flow, and metabo-
lism that occur with brain development that may influence the susceptibility
to and prognosis following concussions in youth. Available data indicate
that female youth athletes and youth with a history of prior concussions
have higher rates of reported sports-related concussions. The extent to
which these findings are due to physiological, biomechanical, and other fac-
tors (e.g., possible differences between males and females in the reporting
of concussion symptoms, player aggressiveness) is not yet well understood.
Concussion rates appear to be higher among college athletes than among
high school athletes, higher during competition than during practice (except
for cheerleading), and higher in certain sports than in others. While it has
been suggested that the physiological and biomechanical risks for concus-
sion may differ between younger children and older youth and adults, there
are not yet sufficient epidemiologic data from various sports to calculate
and compare rates of sports-related concussions across the age spectrum.
The findings of studies examining associations between genetic factors and
the risk of concussion have been mixed, and their validity is limited by their
small sample sizes.

Short-term predictors of prolonged recovery and post-concussion syn-
drome vary across studies but appear to include older age (adolescent versus
child), high initial symptom load, and initial presenting symptoms of amne-
sia and loss of consciousness. Some evidence supports premorbid conditions
(e.g., previous concussions, learning difficulties, psychiatric difficulties) as
contributing to symptom persistence.

Whether repetitive head impacts and multiple concussions sustained
in youth lead to long-term neurodegenerative diseases, such as chronic
traumatic encephalopathy (CTE), remains unclear. Additional research is
needed to determine whether CTE represents a unique disease entity and, if
s0, to develop diagnostic criteria for it. There is preliminary evidence that
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a genetic variant (e4) of apolipoprotein E (APOE) is associated with neu-
ropathological features of CTE in individuals with a history of head injury.

Cognitive, Affective, and Behavioral Changes Following Concussion

The signs and symptoms of concussions typically fall into four catego-
ries—physical, cognitive, emotional, and sleep—with patients experiencing
one or more symptoms from one or more categories. Very few studies—and
none that included pre-high-school-age athletes—have tracked the course of
recovery for youth from sports concussion over time in order to elucidate
the typical cognitive, affective, and behavioral changes that occur following
a concussion.

Thresholds for Concussive Injury

Available studies of head injury biomechanics have identified the im-
portance of linear and rotational movements of the head in injury causa-
tion. However, they are based on models that have limited applicability to
concussions in youth or to concussions that occur in sports environments.
Thus there are currently inadequate data to define the direction- and age-
related thresholds for linear and rotational acceleration specifically associ-
ated with concussions in youth. In addition, it is unclear if or when the
threshold of injury for a second concussion might be lower than for an
initial concussive injury.

Effectiveness of Equipment and Sports Regulations for
the Prevention of Sports-Related Concussions

There is limited evidence from epidemiological and biomechanical stud-
ies that current helmet designs reduce the risk of sports-related concussions.
However, there is evidence that helmets reduce the risk of other injuries,
such as skull fracture, and thus the use of properly fitted helmets should
be promoted. There is currently no evidence that mouthguards or facial
protection, such as facemasks worn in ice hockey, reduce concussion risk,
although their use should be promoted to prevent other sports-related
injuries, such as those to the eyes, face, mouth, and teeth. The marketing
of some protective devices designed specifically for youth athletes, such
as mouthguards and soccer head gear, has included statements that these
devices reduce concussion risk without sufficient scientific foundation to
support such claims.

Because of the nonlinear relationship between the mechanical input
and injury risk, reductions in a specific biomechanical parameter, such as
head acceleration, by a particular protective device do not correspond to an
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equivalent reduction in concussion risk. Furthermore, current testing stan-
dards and rating systems for protective devices do not incorporate measures
of rotational head acceleration or velocity and therefore do not compre-
hensively evaluate a particular device’s ability to mitigate concussion risk.

Although additional research across a variety of sports is needed, some
studies involving youth ice hockey and soccer players have shown that the
enforcement of rules and fair play policies contributes to reductions in the
incidence of sports-related injuries, including concussions. In response to
concerns about the long-term consequences of repetitive head impacts,
several organizations have called for a “hit count” in youth sports, which
is defined as a limit on the amount of head contact a particular player
experiences over a given amount of time. While the concept of limiting
the number of head impacts is fundamentally sound, the committee found
that, based on the evidence available at this time, implementing a specific
threshold for the number of impacts or the magnitude of impacts per week
or per season is without scientific basis.

Research indicates that concussion education programs are effective in
improving concussion knowledge and awareness, although there is limited
evidence concerning the effect of these programs on behavior. Preliminary
evidence suggests a need for additional research to evaluate the effectiveness
of educational programs that emphasize improving attitudes and beliefs
about concussions among athletes, coaches, and parents in order to im-
prove concussion reporting among youth athletes.

Most state concussion laws include requirements for concussion educa-
tion, criteria for removal from play, and standards for health care providers
who make return-to-play decisions. There is variation across states in the
specific educational requirements for coaches, student athletes, and parents;
in the qualifications of providers who are permitted to make return-to-play
decisions; and in the populations to which the legislation applies. Given
that most states are still in the early stages of implementing these laws, there
is so far very little evidence of their efficacy.

Hospital- and Non-Hospital-Based Assessment Tools

Currently concussion diagnosis is based primarily on the symptoms
reported by the individual rather than on objective diagnostic markers,
which might also serve as objective markers of recovery. The use of multiple
evaluation tools—such as symptom scales and checklists, balance testing,
and neurocognitive testing—may increase the sensitivity and specificity of
concussion identification, although there is currently insufficient evidence to
determine the best combination of measures. Such traditional neuroimaging
techniques as computerized tomography and magnetic resonance imaging
(MRI) are of little diagnostic value for concussions per se, because struc-

Copyright © National Academy of Sciences. All rights reserved.



Sports-Related Concussions in Youth: Improving the Science, Changing the Culture

12 SPORTS-RELATED CONCUSSIONS IN YOUTH

tural imaging results are usually normal in concussions that are uncompli-
cated by a skull fracture or hematoma. Typically, individuals recover from
a concussion within 2 weeks of the injury, but in 10 to 20 percent of cases,
the concussive symptoms persist for a number of weeks, months, or even
years. In these cases, the individuals may be said to be experiencing post-
concussion syndrome.

Neuropsychological testing has a long tradition in measuring cogni-
tive function after TBI and is one of several tools (along with symptom
assessment, clinical evaluation, etc.) that may aid in the diagnosis and
management of concussions in youth. Studies of the effectiveness of these
tests to predict diagnosis and track recovery are mixed and individuals’
performances on neuropsychological tests can be influenced by many fac-
tors, including effort and the presence of concussion symptoms (e.g., fatigue
resulting from sleep disturbance). It appears that high scores on neuropsy-
chological tests, indicating good cognitive function, are predictive of not
having a concussion. In group studies these tests have been shown to be
useful for tracking cognitive recovery for up to 2 weeks post injury, with a
majority of concussions considered to be resolved by that time. The results
of reliability studies for computerized neuropsychological tests are quite
variable, with some studies demonstrating adequate reliability and others
indicating less than adequate reliability. There are many possible reasons
for this variability, including differences in sample sizes, testing conditions,
and variable item pools. Most computerized tests produce multiple forms
through a quasi-randomization of items. All commercial test batteries re-
viewed had some studies indicating acceptable reliability.

Newer imaging techniques—e.g., magnetic resonance Spectroscopy,
positron emission tomography, single-photon emission computed tomogra-
phy, functional magnetic resonance imaging, and diffusion tensor imaging—
may be useful in the future for assessing sports-related concussions, but at
present they have not been validated for clinical use. There is some con-
sensus in the literature that both quantitative electroencephalography and
event-related potential procedures can detect differences in performance
and neural responses in concussed versus non-concussed student athletes in
high school and college even when behavior measures fail. However, these
findings are true for a relatively small set of tasks that assess a limited array
of cognitive abilities. Use of a broader range of tasks that measure different
aspects of cognitive processes is necessary to provide a comprehensive view
of behaviors most likely affected and those more likely spared by concus-
sion. There is little research on the use of serum biomarkers in pediatric
concussion. Although appropriately sensitive and specific serum biomarkers
could be of great diagnostic and prognostic value in sports-related concus-
sion, there currently is no evidence to support their use. There is some
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evidence, however, to suggest that normal levels of S-100B following head
injury may predict individuals who do not have intracranial injury.

Treatments for Sports-Related Concussions

The expert consensus opinion is that an individualized treatment plan
including physical and cognitive rest is beneficial for recovery from concus-
sion. There is little empirical evidence for the optimal degree and duration
of physical rest needed to promote recovery or the best timing and ap-
proach for returning to full physical activity, including the use of graded
return-to-play protocols. However, there is evidence that the brain is more
susceptible to injury while recovering; thus, common sense dictates reducing
the risks of a repeat injury. Similarly, there is little evidence regarding the
efficacy of cognitive rest following concussion or to inform the best timing
and approach for return to cognitive activity following concussion, includ-
ing protocols for returning students to school. There are no randomized
clinical trials testing the efficacy of psychosocial or psychopharmacological
treatments for children and adolescents with post-concussion symptoms
and prolonged recovery.

Randomized controlled trials or other appropriately designed studies
on the management of concussion in youth are needed in order to develop
empirically based clinical guidelines, including studies to determine the ef-
ficacy of physical and cognitive rest following a concussion, the optimal pe-
riod of rest, and the best protocol for returning individuals to full physical
activity as well as to inform the development of evidence-based protocols
and appropriate accommodations for students returning to school.

To address the many information gaps highlighted in these findings, the
committee identified several recommendations for further research. These
are provided in Box S-1.
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BOX S-1
Committee’s Recommendations

Recommendation 1. The Centers for Disease Control and Prevention, taking
account of existing surveillance systems and relevant federal data collection ef-
forts, should establish and oversee a national surveillance system to accurately
determine the incidence of sports-related concussions, including those in youth
ages 5 to 21. The data collected should include, but not be limited to, demographic
information (e.g., age, sex, race and ethnicity), preexisting conditions (e.g., atten-
tion deficit hyperactivity disorder, learning disabilities), concussion history (number
and dates of prior concussions), the use of protective equipment and impact
monitoring devices, and the qualifications of personnel making the concussion
diagnosis. Data on the cause, nature, and extent of the concussive injury also
should be collected, including

Sport or activity

Level of competition (e.g., recreational or competitive level)

Event type (e.g., practice or competition)

Impact location (e.g., head or body) and nature (e.g., contact with playing
surface, another player, equipment)

e Signs and symptoms consistent with a concussion

Recommendation 2. The National Institutes of Health and the Department of
Defense should support research to (1) establish objective, sensitive, and specific
metrics and markers of concussion diagnosis, prognosis, and recovery in youth
and (2) inform the creation of age-specific, evidence-based guidelines for the
management of short- and long-term sequelae of concussion in youth.

Recommendation 3. The National Institutes of Health and the Department of
Defense should conduct controlled, longitudinal, large-scale studies to assess
short- and long-term cognitive, emotional, behavioral, neurobiological, and neu-
ropathological consequences of concussions and repetitive head impacts over
the life span. Assessments should also include an examination of the effects of
concussions and repetitive head impacts on quality of life and activities of daily
living. It is critical that such studies identify predictors and modifiers of outcomes,
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including the influence of socioeconomic status, race, ethnicity, sex, and comor-
bidities. To aid this research, the National Institutes of Health should maintain
a national brain tissue and biological sample repository to collect, archive, and
distribute material for research on concussions.

Recommendation 4. The National Collegiate Athletic Association, in conjunction
with the National Federation of State High School Associations, national govern-
ing bodies for youth sports, and youth sport organizations, should undertake a
rigorous scientific evaluation of the effectiveness of age-appropriate techniques,
rules, and playing and practice standards in reducing sports-related concussions
and sequelae. The Department of Defense should conduct equivalent research for
sports and physical training, including combatives, at military service academies
and for military personnel.

Recommendation 5. The National Institutes of Health and the Department of De-
fense should fund research on age- and sex-related biomechanical determinants
of injury risk for concussion in youth, including how injury thresholds are modified
by the number of and time interval between head impacts and concussions. These
data are critical for informing the development of rules of play, effective protec-
tive equipment and equipment safety standards, impact-monitoring systems, and
athletic and military training programs.

Recommendation 6. The National Collegiate Athletic Association and the Na-
tional Federation of State High School Associations, in conjunction with the Cen-
ters for Disease Control and Prevention, the Health Resources and Services
Administration, the National Athletic Trainers’ Association, and the Department of
Education, should develop, implement, and evaluate the effectiveness of large-
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Introduction

In the past decade, few issues at the intersection of medicine and
sports have had as high a profile or have generated as much public inter-
est as sports-related concussions. Historically most concussions were not
considered serious, and athletes who sustained them might be said to have
been “dinged” or had their “bell rung.” The injured player would “shake
it off” and return to play. Recent years have seen an increasing awareness
and understanding that all concussions involve some level of injury to the
brain and that athletes suspected of having a concussion should be removed
from play for further evaluation (Aubry et al., 2002; CDC, 2013a; Halstead
et al., 2010; Harmon et al., 2013; McCrory et al., 2005, 2009, 2013a).

The acknowledgment of the seriousness of sports-related concussions
has initiated a culture change, as evidenced by campaigns to educate ath-
letes, coaches, physicians, and parents of young athletes about concussion
recognition and management (e.g., CDC, 2013¢; NCAA, 2013; NFHS,
2013; USA Football, 2013a; USA Hockey, 2013); rule changes designed
to reduce the risk of head injury (e.g., Pop Warner Little Scholars, 2012,
p. 44; USA Hockey, 2011, p. 58); and the enactment of legislation de-
signed to protect young athletes suspected of having a concussion (NCSL,
2013). Despite such efforts, there are indications that the culture shift is
not complete. For example, a 2012 survey of high school football players
suggests that even when knowledgeable about the symptoms and dangers
of concussions, a majority of players thought it was “okay” to play with
a concussion and agreed they would “play through any injury to win a
game” (Anderson et al., 2013). Some youth baseball rules pertaining to
the use of a continuous batting order, in which all available players are in
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the line-up, penalize teams if a player must leave the game for any reason,
including injury (USSSA Baseball, 2013, p. 10, Rule 7.02.D.1[c]). There are
also anecdotal reports of players attempting to subvert pre-season baseline
neurocognitive tests (Pennington, 2013).

Despite the increased attention to and recent proliferation of research
on sports-related concussion, confusion and controversy persist in many
areas, from agreement on how to define a concussion and the effects of
multiple concussions on the vulnerability of athletes to future injuries,
to when it is safe for a player to return to sports and the effectiveness of
protective devices and other interventions in reducing the incidence and
severity of concussive injuries (Wilde et al., 2012). Parents worry about
choosing sports that are safe for their children to play, about selecting the
equipment that can best protect their children, and, if a child does receive a
concussion, about when is it safe for him or her to return to play or when
it might be time to quit a much-loved sport entirely.

It is against this background that the Institute of Medicine (IOM) and
National Research Council (NRC) convened the Committee on Sports-
Related Concussions in Youth to review the science and prepare a report
on sports-related concussions in youth from elementary school through
young adulthood, including military personnel and their dependents (see
Box 1-1 for the statement of task). The 17-member committee included
experts in the areas of basic neuroscience, neuropathology, clinical exper-
tise with head trauma in pediatric populations, sports medicine, emergency
medicine, cognitive and educational psychology, psychiatry, bioengineering
with an emphasis in pediatric biomechanics, youth sports organization
representatives, active duty military training, epidemiology, statistics or
statistical analysis and evaluation, and health communication (Appendix
B). The committee was charged with reviewing the available literature on
concussions, within the context of developmental neurobiology, regard-
ing the causes of concussions, their relationship to impacts to the head or
body during sports, the effectiveness of protective devices and equipment
in preventing or ameliorating concussions, screening for and diagnosis of
concussions, their treatment and management, and their long-term conse-
quences. Specific topics of interest included

e the subacute, acute, and chronic effects of single and repetitive
concussive and non-concussive head impacts on the brain;

e risk factors for sports concussion, post-concussion syndrome, and
chronic traumatic encephalopathy;

e the spectrum of cognitive, affective, and behavioral alterations
that can occur during acute, subacute, and chronic posttraumatic
phases;

e physical and biological triggers and thresholds for injury;
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o the effectiveness of equipment and sports regulations for the pre-
vention of injury;

e hospital- and non-hospital-based diagnostic tools; and

o the treatment of sports-related concussions.

BOX 1-1
Statement of Task

An ad hoc committee will conduct a study and prepare a report on sports-
related concussions in youth, from elementary school through young adulthood,
including military personnel and their dependents. The committee will review the
available literature on concussions, in the context of developmental neurobiology,
in terms of their causes, relationship to hits to the head or body during sports,
effectiveness of protective devices and equipment, screening and diagnosis,
treatment and management, and long-term consequences. Specific topics of
interest include

e the acute, subacute, and chronic effects of single and repetitive concus-
sive and non-concussive head impacts on the brain;

e risk factors for sports concussion, post-concussive syndrome, and chronic
traumatic encephalopathy;

o the spectrum of cognitive, affective, and behavioral alterations that can
occur during acute, subacute, and chronic posttraumatic phases;

e physical and biological triggers and thresholds for injury;

o the effectiveness of equipment and sports regulations for prevention of
injury;

e hospital- and non-hospital-based diagnostic tools; and

e treatments for sports concussion.

Based on currently available evidence, the report will include findings on all
the above and provide recommendations to specific agencies and organizations
(governmental and nongovernmental) on factors to consider when determining the
concussive status of a player. The report will include a section focused on youth
sport concussion in military dependents as well as concussion resulting from
sports and physical training at Service academies and recruit training for military
personnel between the ages of 18 and 21. Recommendations will be geared
toward research funding agencies (NIH, CDC, AHRQ, MCHB, DoD), legislatures
(Congress, state legislatures), state and school superintendents and athletic di-
rectors, athletic personnel (athletic directors, coaches, athletic trainers), parents,
and equipment manufacturers. The report will also identify the need for further
research to answer questions raised during the study process.
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COMMITTEE’S APPROACH TO ITS CHARGE

Terminology and Parameters of Study

Recognizing that concussion is a subgroup of mild traumatic brain
injury (mTBI) (see Figure 1-1), the committee chose to use the term “con-
cussion” throughout the report.

However, given the variable use of the terms “concussion” and “mild
traumatic brain injury” in the literature, the committee decided to use
whichever term was used by the source when referring to specific studies
or articles. For a specific definition of concussion, the committee chose
to follow the current international consensus definition (McCrory et al.,
2013a). Not only does it capture and provide more detail on the common
elements of concussion, but the definition was developed through a formal
consensus process and has been subject to review and revision on a regular
basis (Aubry et al., 2002; McCrory et al., 2005, 2009, 2013a), which has
permitted it to evolve along with the science of concussion. It is the com-
mittee’s expectation that this definition will continue to evolve.

The current international consensus definition of concussion, as de-
termined at the Fourth International Conference on Concussion in Sport
(McCrory et al., 2013a), is

Concussion is a brain injury and is defined as a complex pathophysiologi-
cal process affecting the brain, induced by biomechanical forces. Several
common features that incorporate clinical, pathologic and biomechanical
injury constructs that may be utilised in defining the nature of a concussive
head injury include:

1. Concussion may be caused either by a direct blow to the head, face,
neck or elsewhere on the body with an “impulsive” force transmit-
ted to the head.

2. Concussion typically results in the rapid onset of short-lived impair-
ment of neurologic function that resolves spontaneously. However,
in some cases, symptoms and signs may evolve over a number of
minutes to hours.

3. Concussion may result in neuropathological changes, but the acute
clinical symptoms largely reflect a functional disturbance rather than
a structural injury and, as such, no abnormality is seen on standard
structural neuroimaging studies.

4. Concussion results in a graded set of clinical symptoms that may
or may not involve loss of consciousness. Resolution of the clini-
cal and cognitive symptoms typically follows a sequential course.
However it is important to note that in some cases symptoms may
be prolonged.
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Spectrum of Traumatic Brain Injury

Mild Moderate Severe

Concussion

FIGURE 1-1 Relationship of concussions to the spectrum of traumatic brain injury.

In approaching its charge to examine many facets of sports-related
concussions in youth, the committee first identified the age range of young
people upon which it would focus and what types of activities it would
recognize as a being “sports related.” On the question of age range, the
committee chose to focus on children and youth ages 5 to approximately 21
years (i.e., elementary school through college age). Five years is the approxi-
mate age of most children entering elementary school (kindergarten) in the
United States (Mulligan et al., 2012). Around that age, children also are
becoming more developmentally ready to begin participation in organized
sports and recreational activities (Purcell et al., 2005). In selecting the upper
boundary for the age range, the committee agreed that, despite the continu-
ation of brain development into the mid-twenties (see Chapter 2), sufficient
development occurs by age 21 to use that as a convenient cutoff. Although
there is a significant body of literature on sports-related concussion among
college athletes, there is little that uniquely captures post-college-age indi-
viduals (approximately ages 21 to 23 years) through age 26 years. This age
group tends to be included in studies that capture older adults as well. For
this reason the committee chose “college age” (approximately 21 years) as
the upper age boundary.

On the question of which activities should be regarded as “sports
related,” the committee recognized that sports can be competitive or recre-
ational, including everything from football and cheerleading to mountain
climbing and extreme sports, and it further recognized that concussions can
result from other types of physical activity that are not traditionally consid-
ered sports, such as playground activities, physical education classes, and
ropes and combatives courses during military training. Thus, the committee
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took a broad view of sports, defining it for the purpose of this report as any
sort of vigorous physical activity that does not involve motorized vehicles.

Information Gathering Process

The committee conducted an extensive review of the literature pertain-
ing to sports-related concussions. The committee began with an English-
language literature search of online databases, including Academic Search
Premier, the Cochrane Database of Systematic Reviews, Embase, Google
Scholar, Lexis Law Reviews Database, Medline, PsychINFO, PubMed,
Science Direct, Scopus, Web of Science, and WorldCat/First Search. Addi-
tional literature and other resources were identified by committee members
and project staff using traditional academic research methods and online
searches. Attention was given to consensus and position statements issued
by relevant experts and professional organizations.

The current evidence base (i.e., research and publications in peer re-
viewed journals) has notable limitations. As noted already, the poorly
defined and inconsistent use of terminology (e.g., “concussion,” “mild trau-
matic brain injury”) often makes it difficult to determine the applicability of
the literature specifically to concussion. In addition, there is relatively little
literature devoted specifically to concussion, compared with the published
research available on more severe traumatic brain injury (TBI), especially in
the younger age groups (i.e., 5 to 12 years). There are few rigorous evalua-
tions of interventions to reduce the incidence of concussion, there is limited
analysis of outcomes associated with the implementation of “concussion”
laws, and there are relatively few data on the psychometric properties of
sideline screening tools.

The committee focused its review of the literature on research published
in peer-reviewed scientific literature and consensus or position statements
from groups of experts and professional organizations relevant to the diag-
nosis and management of sports-related concussion. The committee found
considerable variation in the quality of the research studies it reviewed.
However, given the current paucity of research in the field, the committee
determined that even studies of limited strength could provide some useful
information. The committee was careful to include appropriate qualifica-
tions when it cited such research. In addition, the committee made every
effort to include the most current research. However, strong evidence was
sometimes found in older studies, and as some of these studies had not been
replicated in recent years, in some cases they were the only available sources
of data. In some areas, large-scale studies have not been done, and so the
committee looked for whatever data were available from smaller-scale stud-
ies. Ultimately, the committee included in this study what it judged to be
the best empirical literature available.
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Given the limitations of the published literature, the committee used a
variety of sources to supplement its review of the literature. The commit-
tee met in person five times and held two public workshops to hear from
invited experts in areas pertinent to sports-related concussions in youth.
Speakers included experts in the diagnosis, management, and rehabilitation
of concussed athletes, including their reintegration into academic and ath-
letic settings; genetic and neurogenetic sources of increased risk; the devel-
opment of biomarkers and imaging technologies for concussion diagnosis
and evaluation; protective equipment safety standards and effectiveness;
and the role of sports rules and training in the prevention of sports-related
concussion. The committee also heard from active duty military experts
specializing in concussion policy and care and a representative from service
academies specializing in training programs; stakeholder representatives,
including athletes, parents, coaches, and officials; and representatives from
youth sports organizations, such as the National Collegiate Athletic As-
sociation, the National Federation of State High School Associations, and
the Amateur Athletic Union. (See Appendix A for open session agendas
and speaker lists.)

The committee’s work was further informed by the work of bodies
such as the international Concussion in Sport Group (McCrory et al.,
2013a), the American Academy of Neurology (Giza et al., 2013), the
American Academy of Pediatrics (Halstead et al., 2010), and the American
Medical Society for Sports Medicine (Harmon et al., 2013), as well as by
previous IOM and NRC reports, including Is Soccer Bad for Children’s
Heads?: Summary of the IOM Workshop on Neuropsychological Conse-
quences of Head Impact in Youth Soccer (IOM, 2002); Cognitive Rehabili-
tation Therapy for Traumatic Brain Injury: Evaluating the Evidence (IOM,
2011); Systems Engineering to Improve Traumatic Brain Injury Care in
the Military Health Systems Workshop Summary (NAE and IOM, 2009);
Gulf War and Health: Volume 7: Long-Term Consequences of Traumatic
Brain Injury (IOM, 2008); Early Childhood Development and Learning:
New Knowledge for Policy (IOM and NRC, 2001); From Neurons to
Neighborhoods: The Science of Early Childhood Development (IOM and
NRC, 2000); and How People Learn: Brain, Mind, Experience, and School
(NRC, 1999).

OVERVIEW OF CORE ISSUES

Variability in Defining Concussion

The lack of reliable biomarkers for concussions and the reliance on a
subjective symptom-based definition, combined with variations in terminol-
ogy (e.g., “concussion” versus “mild traumatic brain injury”) and in the
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definition of those terms, as well as evolving descriptions of the severity
of concussion (e.g., grading scales, simple versus complex) pose challenges
not only for understanding the epidemiology of sports-related concussion
but also for interpreting the information on concussions that is available
in the lay and professional literature. Recognition of the need for common
definitions and terminology has led to recent efforts to develop consensus
definitions and common data elements for TBI research, including adult and
pediatric concussion/mTBI research (Aubry et al., 2002; Hicks et al., 2013;
McCrory et al., 2005, 2009, 2013a; Menon et al., 2010; NINDS, 2013;
Thurmond et al., 2010). The Federal Interagency Traumatic Brain Injury
Research (FITBIR) informatics system, developed by the Department of
Defense and the National Institutes of Health, is a federal database designed
to promote data sharing across the field of TBI research (NIH, 2013). The
common data elements for TBI research that have been identified through
an ongoing federal interagency initiative (Hicks et al., 2013; Thurmond
et al., 2010) form the cornerstone of the FITBIR informatics system data
dictionary (NIH, 2013). Participation in such collaborative research efforts
may help to advance TBI research through the use of common definitions
and standards.

A 2010 position statement issued by a working group of the interagency
initiative to develop common data elements for TBI research defines TBI
as “an alteration in brain function, or other evidence of brain pathology,
caused by an external force” (Menon et al., 2010). This definition of TBI
has been adopted by the National Institute of Neurological Disorders and
Stroke, the National Institute on Disability and Rehabilitation Research,
and other members of the International and Interagency Initiative toward
Common Data Elements for Research on Traumatic Brain Injury and Psy-
chological Health as well as by the Brain Injury Association of America
(BIAA, 2011; Menon et al., 2010). The term “TBI” does not represent a
single, uniform condition, but rather refers to a myriad of brain injuries of
different types and severity that may result from varied causes. Even within
traditional classifications of TBI as mild, moderate, or severe, there are dif-
ferent types of injury and different degrees of severity. This great variation
helps to explain why there are no simple answers to the definition, diagno-
sis, or treatment and management of TBI.

Although some sources explicitly use the terms “mild traumatic brain
injury” and “concussion” synonymously (CDC, 2009; DoD, 2012a), the
committee has found it most useful to view concussion as a subset of mTBI
(see Figure 1-1; Giza et al., 2013; Harmon et al., 2013; McCrory et al.,
2013a,b). Even among concussions, one finds variation in the symptoms
experienced by individuals as well as differences in the severity and dura-
tion of symptoms. Efforts to standardize a definition of concussion date
back to the mid-1960s (Congress of Neurological Surgeons, 1966). More
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recently, a number of professional groups, including the American Academy
of Neurology; governmental bodies, such as the U.S. Centers for Disease
Control and Prevention (CDC) and the Department of Defense; and a
consensus group organized by international sporting bodies (Concussion
in Sport Group) have advanced working definitions of concussion (CDC,
2012; DoD, 2012a; Giza et al., 2013; McCrory et al., 2013a). Although
the specifics of the definitions differ, there are common elements. A con-
cussion is understood to be a clinical syndrome involving a disturbance in
brain function that is generally time-limited and results from biomechanical
forces, such as a bump, blow, or jolt to the head or body (DoD, 2012a; Giza
et al., 2013; Harmon et al., 2013; McCrory et al., 2013a,b). In addition,
a concussion may, but usually does not, involve loss of consciousness and
typically does not result in structural changes observable using standard
imaging techniques, such as computed tomography or magnetic resonance
imaging. These elements are captured in the consensus definition of concus-
sion adopted by the committee (McCrory et al., 2013a).

Epidemiology

The estimates of sports-related concussions provided by published epi-
demiologic data are most likely conservative, given that many concussions
go unreported (Daneshvar et al., 2011; McCrea et al., 2004). Moreover,
the lack of consensus on the definition of “concussion” and the reliance
on athletes to self-report their symptoms, combined with various method-
ological differences, including varying study designs (retrospective versus
prospective) and sources of data (emergency departments, athletic trainers,
coaches, parents) and differences in what is being measured (concussions,
mTBIs, all TBIs), have made estimating injury rates difficult, and the ac-
curacy of much of the existing data is unknown (Daneshvar et al., 2011;
McCrea et al., 2004). In the interest of accuracy, the following discussion
uses the terms (e.g., TBI, mTBI, concussion) employed by the papers cited.
The variations in terminology highlight one of the challenges for under-
standing the epidemiology of sports-related concussion.

One frequently cited paper estimated that as many as 1.6 million to
3.8 million sports- and recreation-related TBIs may occur annually in the
United States, although the authors note that this number might be low
because many such injuries may go unrecognized (Langlois et al., 2006).
The figure is based on estimates generated from the unintentional injury
supplement! to the 1991 National Health Interview Survey (NHIS), which
estimated that the annual number of sports- and recreation-related TBIs

INHIS supplements are designed to capture data beyond those generated by the core ques-
tionnaire. Supplements may be used only once or repeated as needed (CDC, 2013d).
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involving a loss of consciousness was approximately 300,000 across all age
groups (Thurman et al., 1998). Citing studies suggesting that only 8 to 19.2
percent of sports-related concussions involve loss of consciousness (Collins
et al., 2003; Schultz et al., 2004), Langlois and colleagues (2006) used these
percentages to scale up the 300,000 TBIs involving loss of consciousness
to 1.6 million to 3.8 million sports- and recreation-related TBIs annually.
A study using data from 15 National Collegiate Athletic Association
(NCAA) sports found that between the 1988-1989 and 2003-2004 aca-
demic years, the overall reported concussion rate doubled, from 1.7 to 3.4
per 10,000 athletic exposures® (AEs), with an average annual increase of
7.0 percent (Hootman et al., 2007). A study of high school athletes in a
large public school system showed an increase in the overall rate of reported
concussions from 1.2 to 4.9 per 10,000 AEs between the 1997-1998 and
2007-2008 academic years, with an average annual increase of 16.5 percent
(Lincoln et al., 2011). There was a substantial increase in reported concus-
sion rate beginning in 2005, the same year that more training staff were
added at each of the high schools in the study (Lincoln et al., 2011). Simi-
larly, the CDC has estimated that between 2001 and 2009 the number of
children and adolescents age 19 years and younger in the United States who
were treated in emergency departments (EDs) for concussions and other
nonfatal, sports- and recreation-related TBIs increased from approximately
150,000 to 250,000 (Gilchrist et al., 2011).3 The rate of ED visits for such
injuries increased 57 percent, from 190 to 298 per 100,000 population dur-
ing that time period (Gilchrist et al., 2011). During the same time period,
the number of ED visits for TBIs that required hospitalization varied, but
did not show an increasing trend over time (Gilchrist et al., 2011).* A num-

2Athletic exposures are the number of practices and competitions in which an individual
actively participates (i.e., in which he or she is exposed to the possibility of athletic injury).

3The NEISS Coding Manual contains a specific diagnostic code for “concussion” while
coding other closed head injuries (TBIs) (e.g., subdural hematoma) as “internal organ injury”
with “head” coded as the body part affected (CPSC, 2013b). The CDC report discussed here
includes both types of injury.

4Using data from the National Hospital Ambulatory Medical Care Survey, another study
examined a 5-year sample (2002-2006) of ED visits for diagnosed concussion in children and
adolescents age 19 years and younger (Meehan and Mannix, 2010). The study found that 30
percent of all the diagnosed concussions (approximately 43,200 annually) were sports-related.
A higher percentage of concussions in adolescents (11 to 19 years) was attributed to sports
than in children under 11 years of age (41 percent versus 8 percent), although percentages
do not take rates of participation in sports activities into account. The inclusion criteria for
this study were more restrictive than in the CDC report. Only patients with a diagnosis of
concussion were included. Patients with other diagnoses, such as skull fractures or unspecified
intracranial injury, were included only if they also were diagnosed with concussion. Patients
diagnosed with an intracranial hemorrhage were automatically excluded.
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ber of factors may have contributed to the increases in reported concussion
rates, including increased awareness and recognition of such injuries.

Surveillance Systems

Appropriate epidemiological surveillance can provide valuable data on
the incidence, causes, and other information pertinent to the occurrence
of sports-related concussions. Such data are important for informing the
development of appropriate interventions to reduce the incidence of con-
cussions in youth sports and enabling the assessment of the effectiveness of
such interventions. Currently most of the reported epidemiologic data on

sports-related concussions in youth come from three surveillance systems
(see Table 1-1):

1. National Electronic Injury Surveillance System—All Injury Pro-
gram (NEISS-AIP)

2. NCAA Injury Surveillance System (NCAA ISS)

3. High School RIO™ (Reporting Information Online)

The CDC data that were previously reported come from the NEISS-
AIP, which captures data for individuals treated for injuries in emergency
departments (CPSC, 2013c¢; Gilchrist et al., 2011; Hinton, 2012). NEISS-
AIP is the only ongoing surveillance system that captures sports injury data
from nonacademic settings and for children younger than high school age.
Operated by the U.S. Consumer Product Safety Commission, NEISS-AIP is
an expansion of the National Electronic Injury Surveillance System (NEISS),
which was originally launched in the early 1970s and captures data from a
national probability sample of approximately 100 hospitals with emergency
departments in the United States and its territories (CPSC, 2013a,b,c).
NEISS data inform national estimates of the number of injuries associ-
ated with, although not necessarily caused by, specific consumer products.
This distinction is important because a head injury might be attributed to
“baseball” even though it occurred during a backyard “sword fight” with
baseball bats. In 2000 NEISS-AIP was developed as a subset of NEISS to
capture information on all injuries treated in the emergency departments,
not only those related to products (CPSC, 2013a). Like NEISS, NEISS-AIP
captures data on individuals’ age, sex, race, ethnicity, injury diagnosis, and
affected body parts as well as the incident locale and product involved (if
any), where injured person goes when released from the ED, and also a
brief narrative description of how the injury occurred (CDC, 2013b; CPSC,
2013a; Hinton, 2012). Although NEISS-AIP includes data on race and eth-
nicity, an analysis of the NEISS data found that race and ethnicity were not
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TABLE 1-1 Primary Surveillance Systems for Sports-Related Concussion Data

Data System

Design

Population and Years Covered

NEISS-AIP

(National Electronic Injury
Surveillance System—All
Injury Program)

NCAA ISS
(NCAA Injury Surveillance
System)

e Sub-sample (n=66) of
a national probability
sample of 100 hospitals
with 24-hour emergency
departments (EDs) in
the United States and its
territories

Sample of NCAA schools
across the three divisions,
number varies by year
and sport, ranging from
an average of 53.5
schools in 2004-2009

to an average of 26.5 in
2009-2013 across the
sports reported in

Table 1-2

e Individuals treated for
injuries in participating EDs

® 2001 to date

 NCAA athletes

® 1982-1983 academic year to
date (the number of sports
covered has increased from
only football to 25—men’s
and women’s sports are
counted separately)
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Source of Data

Strengths

Limitations

® Medical record
abstraction

e Reports by
athletic trainers
at participating
programs

o All age groups

e All sports and
recreational activities

e Nationally representative
ED data over time
(years)

e Includes participation
data; can be used to
calculate injury rate

¢ Includes data on
mechanism of and
circumstances of injury
(e.g., practice vs.
competition, position,
event)

e Provides data over time
(years)

e Only injuries treated in EDs

e Injuries seen in EDs may be
more severe

e Only captures primary diagnosis

Variability in diagnosis of
concussion

Variable data on mechanism
and circumstances of injury,
including injuries involving
sporting equipment in
non-sports scenarios being
categorized as sports-related

Number of injuries only; cannot
be used to calculate injury rate

Only college-age athletes

Limited to 16 competitive
sports

Does not account for differences
in playing time

Cannot capture unreported
injuries

Has not always recorded non-
time-loss injuries

continued
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TABLE 1-1 Continued

Data System Design Population and Years Covered

High School RIO™ e Sample of U.S. high e High school athletes

(Reporting Information schools that have athletic

Online) trainers, number varies ® 2005-2006 academic year
by year and sport, to date (the number of
ranging from 95 in sports covered has increased
2005-2006 to 208 in from 9 to 20—boys’ and
2012-2013 girls’ sports are counted

separately)

captured in 37 percent of cases in 2007,% which has prevented assessments
of racial and ethnic differences in injury rates (GAO, 2009).6

One positive aspect of NEISS-AIP is that it provides nationally repre-
sentative ED data over a long period of time. However, a major limitation
of using NEISS-AIP to estimate the incidence of sports-related concussion
is that it captures data only on individuals treated in EDs, whereas many
concussions are treated by athletic trainers, physicians, and other qualified
personnel in other venues, and many concussions are not reported at all
(Gilchrist et al., 2011; Hinton, 2012). Not only will many sports-related
concussions not be captured by NEISS-AIP, but individuals who seek care
from EDs may be more severely injured than those who receive care from
athletic trainers or personal physicians, which may skew the data. Further-
more, NEISS-AIP captures only the primary diagnosis and body part injured
and does not capture cases in which concussion was a secondary diagnosis
(Gilchrist et al., 2011). In addition, little is known about the consistency
of the diagnoses made by the many physicians treating patients in the vari-
ous sampled hospitals (Bazarian et al., 2006; Powell et al., 2008). Errors
also may be introduced during the hospital-based NEISS-AIP coordinator’s
identification and abstraction of pertinent medical records for inclusion

SFrom 1999 through 2007, an average of 26 percent of cases failed to include data for race
and ethnicity.

%Racial and ethnic differences in rates of reported injury may reflect a number of factors.
These include cultural and psychosocial factors, real or perceived experiences of discrimina-
tion in the health care system that can affect how and whether individuals seek care and the
quality of the care that they receive, socioeconomic status, education, and access to care. Such
differences, if they are found to exist, will suggest areas for future investigation.
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Source of Data Strengths Limitations
e Reports by e Includes participation e Only high-school-age athletes
athletic trainers data; can be used to
at participating calculate injury rate e Limited to competitive sports at
programs participating high schools
¢ Includes data on
mechanism of and ® Does not account for differences
circumstances of injury in playing time
(e.g., practice vs.
competition, position, e Cannot capture unreported
event) injuries
e Provides data over time e Has not always recorded non-
(years) time-loss injuries

and coding in NEISS-AIP (CPSC, 2013a). Yet another limitation is the vari-
able quality of the data on the mechanism of injury that are captured. As
previously noted, an injury may be attributed to a product (e.g., baseball
bat, ice skates) even when the injury occurred through some non-sports-
related scenario, such as twirling around with a baseball bat or being hit
in the head with an ice skate while cleaning out a closet. The narrative
section of the report may include information about how the injury actu-
ally occurred—for example, during organized or informal athletic activity,
during competition or practice, or in some non-sports-related accident—but
the quality of the information in the narrative section also varies (Gilchrist
et al., 2011; Hinton, 2012). Finally, NEISS-AIP collects information only
on the number of injured individuals treated in emergency departments
and not on the size of the populations among which the injuries occurred
(Gilchrist et al., 2011; Knowles et al., 2010). Consequently, NEISS-AIP data
cannot be used to estimate injury rates per 1,000 AEs or relative risks (e.g.,
for specific sports).

The NCAA ISS, begun in 1982, collects injury and exposure data from
a representative sample of institutions across the NCAA’s three divisions in
a variety of sports (Dick et al., 2007). In 2004, the NCAA injury surveil-
lance program began using an online reporting system, and in 2009, the
Datalys Center for Sports Injury Research and Prevention, Inc., assumed
management of the program (Datalys Center, 2013b). The number of
NCAA institutions participating in the NCSS ISS has varied over time and
among sports. Prior to 2009, schools were recruited to report all applicable
sports, although not all participating schools offered and hence reported
on every sport. Since 2009, schools are recruited on a per sport basis, so
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data may be reported for only one sport from a given school. From 2004
to 2009, an average of 53.5 schools across the 14 sports listed in Table 1-2
reported data for those sports—ranging from less than 20 schools for men’s
and women’s ice hockey to approximately 90 schools for men’s and wom-
en’s basketball (Datalys Center, 2013b). From 2009 to 2013, the average
number of schools reporting across the 14 sports dropped to 26.5—ranging
from 10 for field hockey to 41 for women’s soccer (Datalys Center, 2013b).

Data are collected by athletic trainers on male and female participants
in 25 sports from the first day of official pre-season practice through the
final day of any postseason competition (personal communication with
Datalys Center for Sports Injury Research and Prevention, Inc., Septem-
ber 23, 2013), although, as stated, not all schools report data for every
sport. The athlete-related data captured include year in school, age, height,
weight, and sex. Data on race and ethnicity are not collected. The NCAA
ISS captures data on participation as well as on injury, and, in contrast to
NEISS-AIP, it can be used to calculate injury rates for the sports it tracks.

TABLE 1-2 Reported Concussion Rates by Sport, Sex, and Competition
Level (High School and College) (Rates per 10,000 Athletic Exposures)

High School

Datalys

Lincoln et al. Gessel et al. Marar et al. Center?
Sport (1997-2008) (2005-2006) (2008-2010) (2010-2012)
Football 6.0 4.7 6.4 11.2
Ice Hockey (W) — — — —
Ice Hockey (M) — — 5.4 —
Lacrosse (W) 2.0 — 3.5 5.2
Lacrosse (M) 3.0 — 4.0 6.9
Soccer (W) 3.5 3.6 3.4 6.7
Soccer (M) 1.7 2.2 1.9 4.2
Wrestling 1.7 1.8 2.2 6.2
Field Hockey 1.0 — 2.2 4.2
Basketball (W) 1.6 2.1 2.1 5.6
Basketball (M) 1.0 0.7 1.6 2.8
Softball 1.1 0.7 1.6 1.6
Baseball 0.6 0.5 0.5 1.2
Volleyball — 0.5 0.6 2.4

9Reported rates are based on preliminary data from NATA NATION reported by athletic
trainers in participating high schools. Data collection began with 25 schools in 2010-2011
and currently has more than 100 participants in the 2013-2014 academic year.

bThe data from Hootman and colleagues (2007) represent 16 years (1988-2004), except in
the case of women’s ice hockey for which data collection began in 2000.
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Participation data are recorded in terms of athletic exposures, generally
defined as one individual participating in one practice or competition in
which he or she is exposed to the possibility of athletic injury, regardless
of the time associated with that participation. As constructed, this defini-
tion cannot take into account the greater duration of exposure experienced
by athletes with significantly more playing time compared with those who
have less playing time. Because the NCAA ISS captures information only on
injuries receiving medical attention by the team athletics trainers or physi-
cians, it will not include data on concussions in athletes who did not report
injury. Another weakness of the system in earlier years is that it recorded
only time-loss injuries (i.e., those for which participation was restricted for
1 or more days beyond the day of injury) (Dick et al., 2007), which means
it failed to capture data on any athletes with a concussion who return to
full physical activity on the same day as the injury. This problem has since
been rectified. From 2004 to 2009, data were captured on all concussion
and dental injuries regardless of time lost, and since 2009, data are cap-
tured on all injuries regardless of time lost (Datalys Center, 2013b). The
final limitation to the NCAA data is that, by definition, they are limited to

College

Datalys
Hootman et al. Gessel et al. Agel and Harvey Datalys Center¢  Center®
(1988-2004) (2005-2006) (2000-2007) (2004-2009) (2009-2013)
3.7 6.1 — 6.0 6.3
9.1b — 8.2 7.0 5.0
4.1 — 7.2 6.0 8.2
2.5 — — 6.2 5.5
2.6 — — 6.0 3.1
4.1 6.3 — 6.7 6.5
2.8 4.9 — 4.2 3.1
2.5 4.2 — 4.9 12.4
1.8 — — 4.0 14.54
2.2 4.3 — 4.8 6.1
1.6 2.7 — 3.4 3.5
1.4 1.9 — 2.3 3.5
0.7 0.9 — 1.1 0.7¢
0.9 1.8 — 1.8 3.3

“Data for the period 2004-2009 are from the NCAA Injury Surveillance System. The Datalys
Center for Sports Injury Research and Prevention, Inc., assumed management of the NCAA
injury surveillance program in 2009.

dRate calculated with fewer than 30 raw frequencies.

¢Average of participating teams over the time period.

SOURCES: Agel and Harvey, 2010; Datalys Center, 2013a,b; Gessel et al., 2007; Hootman
et al., 2007; Lincoln et al., 2011; Marar et al., 2012.
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college-age athletes and also do not include injuries for athletes participat-
ing in intramural, club, or recreational sports.

Modeled on the NCAA ISS and implemented in the 2005-2006 aca-
demic year, the High School RIO™, begun under the auspices of the Center
for Injury Research and Policy at Nationwide Children’s Hospital in Co-
lumbus, Ohio, captures injury data annually for male and female athletes
from a sample of high schools throughout the country that have athletic
trainers (Center for Injury Research and Policy, 2013; Hinton, 2012; PIPER
Program, 2013a). The number of schools that participate varies from year
to year but has ranged from 95 in 2005-2006 to 208 in the 2012-2013
academic year (PIPER Program, 2013b). The number of sports represented
has also increased over time from the 9 original sports to more than 20,
although not every school reports data for all sports (Center for Injury
Research and Policy, 2013; PIPER Program, 2013b). Data are collected on
athletes’ year in school, age, sex, height, and weight, but not on their race
or ethnicity. Athletic trainers report data weekly on athletic exposures and
injuries, including information on the body site, diagnosis, severity, and
injury event (e.g., mechanism of injury, activity, position or event, field or
court location) (PIPER Program, 2013a). As with the NCAA ISS, the High
School RIO captures participation data in terms of athletic exposures, per-
mitting the calculation of injury rates for the sports it tracks, although it
too does not take into account differences in playing time among athletes.
Like the NCAA ISS, the High School RIO captures information only on
concussions reported to or observed by the athletic trainers at the partici-
pating high schools, which means it may underestimate the occurrence of
concussions. In addition, it too has not always captured data on non-time-
loss injuries. Finally, by definition, the High School RIO captures data only
on high-school-age youth and is further limited to those participating in the
school-sponsored sports followed by the data system. As a result, it cannot
provide complete epidemiologic data on sports-related concussion even
within the high-school-age population.

The National Athletic Trainers’ Association National Athletic Treat-
ment, Injury and Outcomes Network (NATA NATION) project is a 3-year
effort sponsored by the NATA Research and Education Foundation and
BioCrossroads to examine not only sports-related injuries but also treat-
ments and patient-reported outcomes among high school athletes (Datalys
Center, 2013a). Under the auspices of the Datalys Center for Sports Injury
Research and Prevention, Inc., the project employs the same data collection
technology and methodology used in the NCAA Injury Surveillance System.
The NATA NATION project began in 2010-2011 with 25 schools partici-
pating and now has more than 100 participants in the 2013-2014 academic
year. The number of schools reporting data on any one sport ranges from
25 to 51 for the 14 sports reported in Table 1-2 (Datalys Center, 2013a).
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Coordinated efforts to collect sports-injury data for middle-school- and
younger-aged youth are limited. A 2011-2012 Middle School RIO study,
modeled on the High School RIO and NCAA ISS systems, collected injury
data from a national sample of middle school and Pop Warner football
players (Middle School RIO™, 2013). In addition, a 2-year study (2012
and 2013 seasons) of 10 youth football leagues of various sizes and demo-
graphics across six states is being conducted (USA Football, 2013b). The
collection of data is under the auspices of the Datalys Center for Sports
Injury Research and Prevention, Inc.

Factors Associated with Increased Incidence Rates of Reported
Concussions

Despite the limitations of the surveillance data on sports- and recre-
ation-related concussion, some patterns have emerged. Studies suggest that
several factors may be associated with increased rates of reported concus-
sion, such as competition level (youth, high school, college), sports setting
(competition, practice), sex (female, male), and sport (e.g., football, soccer)
(Covassin et al., 2003; Gessel et al., 2007; Hootman et al., 2007; Lincoln
et al., 2011; Marar et al., 2012).

Competition level College athletes had higher overall rates of concussion
than did high school students (4.3 versus 2.3 per 10,000 AEs) in nine sports
during the 2005-2006 academic year, based on injury data from the NCAA
ISS and the High School RIO surveillance systems (Table 1-2; Gessel et al.,
2007). The relationship held true across all the sports, for female and male
athletes, and for competition and practice, with the exception of practices
in baseball, in which the college and high school rates were the same, and
practices in softball, in which the high school rate was slightly higher than
the college rate (Gessel et al., 2007). More recent data from the NCAA In-
jury Surveillance Program (2009-2013) and NATA NATION (2010-2012)
indicate higher reported concussion rates among high school versus college
athletes in football, men’s lacrosse, men’s soccer, and baseball (Table 1-2;
Datalys Center, 2013a,b).

There are few equivalent data available to compare rates of reported
concussion among younger athletes with those for high school and college
athletes. USA Football (2013b) has commissioned a 2-year study of injury
incidence, including concussion, among youth football players. During
the 2012 season (the first year of the study), fewer than 4 percent of the
1,913 players ages 7 to 14 sustained a reported concussion from more than
60,000 athletic exposures, including practices and games (USA Football,
2013b), which suggests an overall approximate rate of 11.1 per 10,000
AEs. This is similar to the rate of 11.2 per 10,000 AEs reported for high
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school students in the preliminary data from the NATA NATION project. A
smaller study of youth football players ages 8 to 12 years found an overall
reported concussion rate of 17.6 per 10,000 AEs during the 2011 season
(Kontos et al., 2013). The study also found that players ages 11 to 12 were
approximately 2.5 times more likely to sustain a reported concussion than
players ages 8 to 10 years (25.3 versus 9.3 per 10,000 AEs) (Kontos et al.,
2013).

Sports setting Several studies have examined the incidence of concussion
during practice and competition. In general, reported concussion incidence
is consistently higher in competition than in practice for both male and fe-
male athletes across all sports and age groups (Gessel et al., 2007; Hootman
et al., 2007; Marar et al., 2012).7 In addition, the two studies of concussion
incidence among youth football players also show a higher rate of concus-
sion in competition than in practice (Kontos et al., 2013; USA Football,
2013b). The exception to this trend is in cheerleading, for which a study
using High School RIO data for 2005-2006 showed a slightly higher ab-
solute rate of reported concussion during practice than in competition (1.4
versus 1.2 per 10,000 AEs) (Marar et al., 2012).

Sex Studies that compared the rates of reported concussions for male and
female athletes in three high school and college sports played by both sexes
(soccer, basketball, and softball/baseball) found that females had a higher
rate of reported concussions than did their male counterparts (Covassin
et al., 2003; Datalys Center, 2013a,b; Dick, 2009; Gessel et al., 2007;
Hootman et al., 2007; Lincoln et al., 2011; Marar et al., 2012). Although
women’s lacrosse generally has demonstrated lower rates of reported con-
cussion than has men’s lacrosse, the rules differ sufficiently to preclude
direct comparison between the sexes (Datalys Center, 2013a; Hootman et
al., 2007; Lincoln et al., 2011; Marar et al., 2012). Recent NCAA data,
however, show equivalent or higher rates of reported concussion in wom-
en’s lacrosse than in men’s (Datalys Center, 2013b). Data on collegiate ice
hockey also traditionally has shown a higher rate of reported concussion

"The data reported by Gessel and colleagues (2007) showed a concussion rate for practice
that was equal or higher than the rate in competition for high school and college volleyball
and high school softball during the 2005-2006 academic year. However, the total number of
reported concussions in each group was low (6, 14, and 10, respectively). The 2 years of data
reported by Marar and colleagues (2012) follow the trend of concussion rates being higher in
competition than in practice for high school volleyball and softball. No additional data were
available to evaluate the relative concussion rates for college volleyball.
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for females than males (Agel and Harvey, 2010; Hootman et al., 2007),
although the 2009-2013 NCAA data indicate a higher rate in men’s hockey
than in women’s (8.2 versus 5.0 per 10,000 AEs) (Datalys Center, 2013b).
(See Table 1-2.)

Sport The incidence of reported concussion appears to vary substantially
by sport (see Table 1-2). For male athletes in the United States, football, ice
hockey, lacrosse, wrestling, and soccer consistently are associated with the
highest rates of reported concussions at the high school and college levels
(Datalys Center 2013a,b; Gessel et al., 2007; Hootman et al., 2007; Lincoln
et al., 2011; Marar et al., 2012). For female athletes, the high school and
college sports associated with the highest rates of reported concussions
are soccer, lacrosse, and basketball (Datalys Center, 2013a,b; Gessel et al.,
2007; Hootman et al., 2007; Lincoln et al., 2011; Marar et al., 2012).°
In addition, women’s ice hockey has one of the highest rates of reported
concussions at the college level (Agel and Harvey, 2010; Datalys Center,
2013b; Hootman et al., 2007), but no data are reported on the incidence
of reported concussion for female athletes at the high school level.

There are very few studies that have examined sports-related concus-
sions in youth outside of the high school and college settings and very few
data on the incidence of reported concussions in different sports for youth
younger than high school age (approximately age 14). The ED data cap-
tured in the NEISS-AIP database and reported by the CDC (see Table 1-3)
and others provide some indication of the distribution by age of sports- and
recreation-related activities and that have resulted in an ED visit for concus-
sions or other nonfatal TBIs (Bakhos et al., 2010; Gilchrist et al., 2011),
but the absence of participation data (the equivalent of the AEs captured by
the NCAA 1SS and High School RIO databases) precludes the calculation
of injury rates. This is a problem because an activity such as bicycling, the
activity most commonly associated with ED visits for nonfatal TBIs among
girls ages 10 to 14 years, has a much different participation rate than, for
example, horseback riding, which is the fourth most commonly associated
activity for the same group (see Table 1-3). Assuming the participation
rate for bicycling is much higher than that for horseback riding, the injury
rate for bicycling would be lower than for horseback riding even though
there were a greater number of injuries. As previously discussed, another

8 Although Hootman and colleagues (2007) reported rates based on 16 years of NCAA ISS
data for men’s ice hockey and 4 years of data for women’s ice hockey, for which data collection
only began in the 2000-2001 academic year, Agel and Harvey (2010) used the same 7 years
(2000-2007) of data for men’s and women’s ice hockey.

9The rate of reported concussion for field hockey from the NCAA data for 2009-2013 is
uncharacteristically high (14.5 per 10,000 AEs), but was calculated from less than 30 raw
observations and may not be reliable (Datalys Center, 2013b).
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disadvantage of the NEISS-AIP data is that it is limited to individuals who
were treated in EDs, thereby not capturing youth with concussions and
other nonfatal TBIs who received medical care in other venues, or who were
never treated at all. The data may also represent more severe injuries than
those treated in non-emergency settings.

Extreme Sports

So-called extreme sports are rapidly gaining in popularity, especially in
the younger population. Examples of extreme sports include competitive
skateboarding, mountain biking, and snowboarding jumps and tricks (e.g.,
half-pipes and terrain parks). Between 1998 and 2008, participation in
skateboarding increased by 49 percent and participation in snowboarding
increased by 51 percent; mountain biking, the second most popular extreme
sport, also saw an increase in participation (Extreme Sport, 2008). Because
extreme sports by definition involve a high level of inherent danger, either
because of the environment in which they are played or as a result of the
sport, they would seem to place participants at high risk for injury, includ-
ing concussion. However, there are limited epidemiologic data on rates and
types of injuries experienced by those participating in extreme sports. A
prospective survey of 249 downhill mountain bike riders showed an over-
all injury rate of 16.8 injuries per 1,000 hours of exposure (Becker et al.,
2013). The rate of all reported injuries for expert riders was significantly
higher than was the rate of reported injuries for professional riders (17.9
versus 13.4 injuries per 1,000 hours of exposure), and the injury rate re-
ported during competition was significantly higher than the rate for practice
(20 versus 13 injuries per 1,000 hours of exposure). Extremities (lower leg
and forearm) are the areas of the body most often reported injured. The
rate of reported concussions was not provided. Another study reported
that serious injuries to the head and neck are more likely to occur when
a rider falls over the handlebars than when he or she falls off to the side,
which implies that women are at higher risk than men for head and neck
injuries because they generally weigh less and are more likely to fall over
the handlebars (Kronisch et al., 1996). There is no discussion specifically
of concussions, however.

Kyle and colleagues (2002) used NEISS-AIP ED injury data and partici-
pation data from the National Sporting Goods Association annual survey
to calculate the rate of injuries seen in EDs for several sports. The rate of
skateboard injuries seen in the ED (8.9 per 1,000 participants) was lower
than that for snowboarding and bicycling (11.2 and 11.5 per 1,000 par-
ticipants) and much lower than that for football and basketball (20.7 and
21.2 per 1,000 participants).
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Military Personnel and Dependents

The committee was specifically asked to examine sports-related con-
cussions among military dependents as well as concussions in military
personnel ages 18 to 21 resulting from sports and physical training at mili-
tary service academies and during recruit training. There are limited data
available pertaining to this type of injury among the populations specified.
With respect to the dependents of military personnel, there is no evidence
about whether the risks for concussion are different for these youth than
for youth in general, although there is no reason to think that they would
be (Goldman, 2013; Tsao, 2013).

Among the U.S. military personnel worldwide (including the conti-
nental United States), approximately 26,000 concussions or mTBIs were
diagnosed in 2012, representing about 85 percent of all TBIs in that popu-
lation (DVBIC, 2013). Although TBI has become the signature injury of
the wars in Iraq and Afghanistan, more than 80 percent of TBIs in the
military do not occur in the deployed setting (DVBIC, 2013). These TBIs
most commonly occur from motor vehicle crashes (privately owned and
military vehicles), falls, sports and recreation activities, and military train-
ing (DVBIC, 2013).

Service academy students and the majority of military recruits fall
within the age range specified by the committee. In fiscal year 2010, ap-
proximately 85 percent of active military recruits were between 18 and 24
years of age (DoD, 2012b). Although there is no reason to suspect that
military personnel ages 18 to 21 who play intramural or service academy
sports have different concussion risks than nonmilitary athletes of the same
age participating in the same activities do, military service academies, such
as West Point, require physical training activities, such as combatives and
ropes courses, and offer other activities, such as boxing, that are not gen-
erally available at other collegiate institutions and that pose a high risk of
concussion (Kelly, 2013; Wolfe, 2013). In an effort to reduce the number
of concussions among cadets, West Point has substituted flag football for
intramural football and eliminated intramural rugby altogether (Wolfe,
2013). Outside of the academies, there are anecdotal reports that many
military personnel sustain concussions during hand-to-hand (combatives)
courses during basic training (Sapien and Zwerdling, 2012), but data on
the occurrence of concussions during such training have not been published
in the peer-reviewed literature.

Overview of Outcomes and Reintegration

Eighty to 90 percent of individuals who sustain sports-related concus-
sions fully recover within 2 weeks following injury (Covassin et al., 2010;
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Eisenberg et al., 2013; Field et al., 2003; Makdissi et al., 2013; McClincy
et al., 2006; McCrea et al., 2009, 2013), although high school athletes (14
to 18 years of age) seem to recover more slowly than do college-age athletes
and those 11 to 13 years of age (Covassin et al., 2010; Eisenberg et al.,
2013; Field et al., 2003). The other 10 to 20 percent have more protracted
recovery periods, lasting weeks, months, or longer, as discussed in Chapter
4. Consensus has emerged that individuals suspected of having sustained a
concussion should be immediately removed from the activity in which they
are engaged and should not return to physical activity until they have been
cleared by a health care provider knowledgeable about concussion diagno-
sis and management (Giza et al., 2013; Halstead et al., 2010; Harmon et
al., 2013; McCrory et al., 2013a).

Athletes who return to play before their concussions have fully resolved
may place themselves at an increased risk for prolonged recovery (Eisenberg
et al., 2013) or more serious consequences if they sustain a second head
injury (Cantu, 1998; Cantu and Voy, 19935; Collins et al., 2002; McCrory
and Berkovic, 1998; Saunders and Harbaugh, 1984). Although very rare,
the potential for catastrophic head injuries, including what has sometimes
been called “second impact syndrome,” is the primary concern. While
catastrophic head injury is uncommon, it may occur more frequently in
younger athletes between the ages of 12 to 18 years (Boden et al., 2007,
2013; Cantu, 1998; Cantu and Voy, 1995; McCrory and Berkovic, 1998;
Saunders and Harbaugh, 1984; Thomas et al., 2011). Due to development
of the brain, adolescence has been suggested to be a time of increased risk
of adverse consequences following concussion (Field et al., 2003).

Among youth, the primary focus of reintegration after a concussion of-
ten is a return to school, although reintegration also can encompass a return
to work or, for members of the armed services, a return to duty. Because
concussion symptoms may resolve before full cognitive recovery, students
who are recovering from a concussion may require short-term accommo-
dations upon returning to school. As discussed in Chapter 3, a number of
states have developed plans or recommended resources for helping students
return to academic activity.

Consensus guidelines for the return of athletes to athletic activity recom-
mend a graded return-to-play protocol. Once an individual is symptom-free,
the individual moves through a series of increasingly rigorous sport-specific
activities, progression through which is governed in part by recurrence of
symptoms (Halstead et al., 2010; McCrory et al., 2013a).

From the committee’s research, the public testimony it heard, and its
collective expertise, the role of “culture” in the recognition and manage-
ment of concussions in young athletes became apparent. Culture is created
by the sum of beliefs and behaviors within a group. It is clear that currently
the seriousness of the threat to the health of an athlete suffering a concus-
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sion is too often not fully appreciated by athletes, their teammates, and, in
some cases, coaches and parents (see, e.g., Anderson et al., 2013; Coyne,
2013; Echlin, 2012; Kroshus et al., 2013; McCrea et al., 2004; Register-
Mihalik, et al., 2013a,b; Torres et al., 2013; Wolverton, 2013). In addition,
athletes profess that the game and the team are more important than their
individual health and often believe that by admitting to having symptoms
of a concussion, they will be “letting down” their teammates, coaches,
schools, and even parents (Anderson et al., 2013; Kroshus et al., 2013). A
culture that encourages “playing through” a potentially concussive injury
or returning to play too soon following a concussion can endanger the
physical and cognitive well-being of the young athlete. Perhaps because
concussions are “invisible” they are easier to ignore than torn ligaments or
broken bones are. But each of these types of injury requires the athlete to
be removed from play, cared for appropriately in both the acute stage and
during the healing process, and judiciously returned to play only when he or
she is demonstrably recovered. Increased knowledge about concussions in
the absence of changes in attitudes may not be enough to modify reporting
behavior among athletes (Anderson et al., 2013; Coyne, 2013; Kroshus et
al., 2013; Register-Mihalik et al., 2013a,b; Torres et al., 2013). If the youth
sports community can adopt the belief that concussions are serious injuries
and institute behaviors and adopt attitudes that emphasize care for players
with concussions until they are fully recovered, then the “culture” in which
young athletes perform and compete will become much safer.

Similarly, military recruits are immersed in military values and culture,
including devotion to duty, commitment, and service before self, and the
idea that “there is no greater bond than the one they share with the people
‘to their left and their right’” (Halvorson, 2010), which may make them
reluctant to self-report symptoms of concussion. The military has acknowl-
edged the need for a culture change, as reflected in such efforts as teaming
up with the National Football League to increase awareness about TBI
and to effect a culture change in which military personnel and athletes are
willing to seek help (and not be stigmatized) if they experience concussive
symptoms (AP, 2012; Vergun, 2012).

The Policy Environment

In light of the potential for returning to play too soon having cata-
strophic results, lawmakers in the United States have passed legislation de-
signed to address the need for concussion education for young athletes and
their parents, particularly at the high school level, along with procedures
to protect athletes from returning to play before it is deemed appropriate
by health care providers. As of October 2013, 49 states and the District of
Columbia had enacted concussion laws of some sort; legislation was intro-
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duced in Mississippi, but it did not pass (NCSL, 2013; Network for Public
Health Law, 2013; Sun, 2013). In May 2009, Washington became the first
state to enact legislation designed to protect student athletes suspected of
having sustained a concussion. Named after Zackery Lystedt, a 13-year-
old football player who was permanently disabled when he returned to
a game after having sustained a concussion, Washington’s law specifies
several principles that have come to be viewed as the three tenets of model
concussion legislation:

(1) education of coaches, parents, and athletes about the nature and risk
of concussions in sports and a requirement that parents sign a form ac-
knowledging receipt of the information;

(2) immediate removal from play of any youth athlete suspected of having
sustained a concussion or head injury; and

(3) a requirement that an athlete who has been removed from play be
evaluated by and receive written clearance from a health care professional
trained in the evaluation and management of concussion before returning
to play.

Although legislation in most of the states that have concussion laws in-
cludes some version of the three tenets in the Washington law, there is
significant variation among states regarding specific requirements (NCSL,
2013; Network for Public Health Law, 2013).

Since 2009, there have been several federal legislative efforts directed
at various aspects of sports-related concussions in youth. Legislation in-
troduced in the House of Representatives—the Concussion Treatment and
Care Tools (ConTACT) Act of 2009, later renamed the ConTACT Act of
2010 (H.R. 1347)—called on the Secretary of Health and Human Services
to establish guidelines for “the prevention, identification, treatment, and
management of concussions” in children 5 to 18 years of age, including
return-to-play standards (H.R. 1347). In addition, the bill called for fund-
ing for states to collect data on the incidence and prevalence of sports-
related concussion among school-aged children, to adopt and implement
the aforementioned guidelines, and to implement pre-season baseline and
post-injury testing for school-aged children (H.R. 1347). The bill eventu-
ally passed the House and was referred to the Senate (S. 2840), where it
stalled in committee.

The Protecting Student Athletes from Concussions Act, originally in-
troduced in the House in 2010 (H.R. 6172) and reintroduced in 2011
(H.R. 469), was directed toward state and local educational agencies and
was, in part, designed to bring some uniformity to the proliferation of state
“Lystedt laws.” The bill, which never moved out of committee, would have
required as a condition of federal funding the development and implemen-
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tation of a concussion safety and management plan that would include a
concussion education component for students, parents, and school per-
sonnel; supports for students during recovery from concussion; and best
practices to ensure uniformity in safety standards treatment, and manage-
ment (H.R. 6172). Other elements of the bill called on school personnel
to remove any student suspected of having sustained a concussion from
the activity in which it occurred and to prohibit participation in athletic
activities until the student was cleared by a health care provider, including
recognition that the provider might specify a gradual, progressive return to
cognitive and physical activity.

The Children’s Sports Athletic Equipment Act, jointly introduced in the
House and Senate in 2011 (H.R. 1127; S. 601), was directed to the Con-
sumer Product Safety Commission (CPSC) and addressed issues pertaining
to the development of and compliance with standards for “youth football
helmets, reconditioned helmets, and new helmet concussion resistance.”
The 2011 bills died in committee, but similar legislation, the Youth Sports
Concussion Act of 2013, was introduced in the House and Senate in May
2013 (H.R. 2118; S. 1014). The current legislation, which is in commit-
tee, is directed to the CPSC and addresses safety standards for protective
equipment to reduce the risk of sports-related injury, to improve the safety
of reconditioned protective equipment, and to modify warning labels on
protective equipment. The legislation also addresses the issue of false or
misleading claims in the marketing of protective equipment.

In February 2013, a resolution was introduced in the House (H.R. 72)
supporting the goals and ideals of the Secondary School Student Athletes’
Bill of Rights (YSSA, 2013), which highlights the importance of proper
safety measures and trained personnel, timely medical assessments, and
appropriate environmental conditions in ensuring the health and well-being
of secondary school student athletes.

State legislative efforts are addressed in more detail in Chapter 6.

REPORT ORGANIZATION

Chapter 2 gives an overview of normal brain development, which pro-
vides the basis for understanding the pathophysiology and natural history
of concussion. In addition the chapter discusses the mechanics of concus-
sive injury, physical and biological thresholds for injury, and physical and
behavioral risk and protective factors. Chapter 3 reviews considerations
pertaining to the recognition, diagnosis, and acute management of concus-
sions, including the reintegration of concussed individuals into academic
and athletic activities. Chapter 4 discusses the treatment and management
of individuals with concussion symptoms that persist beyond the typical
1- to 2-week recovery period. The chapter also includes a discussion of
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special considerations that arise in the provision of concussion care, such
as geographic variation in access to specialized care. Chapter 5 examines
the issues surrounding repetitive head impacts that do not produce signs
and symptoms of a concussion, as well as multiple concussions. Topics
include short- and long-term outcomes, risk factors, neuropathology, and
neuroimaging findings. Chapter 6 addresses interventions that may reduce
the risk of sports-related concussions and includes discussions of the ef-
fectiveness of equipment such as helmets, mouthguards, and other devices;
alternative playing surfaces; sport-specific rules and regulations; and legisla-
tion directed toward concussion education and athlete protection through
policies governing athletes’ removal from and return to play following a
suspected concussion. Chapter 7 contains the committee’s conclusions and
recommendations.

FINDINGS

The committee offers the following findings:

e The published literature includes numerous working definitions of
concussion and inconsistent use of terminology (e.g., concussion,
mTBI [despite the latter including more severe brain injury]), which
pose challenges for interpreting and comparing findings across
research studies on concussion.

e Concussion rates tend to be higher during competition than in
practice (except for cheerleading), higher among female athletes
than male athletes in comparable sports, and higher in certain
sports.

e The National Collegiate Athletic Association Injury Surveillance
System and High School RIO™ (Reporting Information Online)
data systems are the only ongoing, comprehensive sources of
sports-related injury data, including data on concussions, in youth
athletes. Equivalent data are not available for athletes younger
than high school age, nor are they available for participants in
club sports or for youth engaging in competitive and recreational
sports outside of an academic setting. There is no comprehensive
system (individually or collectively) for acquiring accurate data on
the incidence of sports- and recreation-related concussion across all
youth age groups and sports.

e Data captured on sports- and recreation-related concussions do not
routinely include race and ethnicity.

e There are no published data on the incidence of reported concus-
sions during basic training for military recruits.
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e Despite increased knowledge and a growing recognition in recent
years that concussions involve some level of injury to the brain and
therefore need to be diagnosed promptly and managed appropri-
ately, there is still a culture among athletes and military personnel
that resists the self-reporting of concussions and compliance with
appropriate concussion management plans.
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Neuroscience, Biomechanics, and Risks
of Concussion in the Developing Brain

Over the past 30 years, a number of experimental models of traumatic
brain injury (TBI) have been developed to study various aspects of TBI in
humans. This area of research originally focused on adult animal models
of moderate to severe brain injuries, and these models have significantly
contributed to our understanding of the biomechanics and neurochemical
changes that occur after TBI. More recently, research efforts have focused
on animal models of mild TBI (mTBI) and concussions, but only a few
studies have addressed age and sex differences in injuries of this severity.
TBI of any severity in the developing brain is complicated by ongoing ce-
rebral maturation. The goal of this chapter is to (1) summarize the normal
changes that occur with brain maturation; (2) explain the biomechanics
involved in generating brain injuries of a range of severities; (3) summarize
what is known about the neurochemical and metabolic changes that occur
after concussions; and (4) describe risk factors for concussions in youth. In
the section on the biomechanics of concussion, the committee responds to
the portion of its charge concerning physical and biological thresholds for
concussive injury.

NORMAL BRAIN DEVELOPMENT

The human brain is a complex system of connections that continues
to be refined and reshaped throughout an individual’s lifespan. During
development, rapid changes in synapses, myelination, and metabolism oc-
cur, with the brain achieving adult-like connections by the mid-20s (see
Figure 2-1). The changes in both the structural architecture and the func-
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Change in Development
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FIGURE 2-1 Profiles of parameters of human brain development and the estimated
age ranges for research animal models. This figure illustrates the timing of changes
in the number of brain synapses, cerebral blood flow, and metabolism (blue) and
in brain myelination (green). The colored bars below the figure reflect the ap-
proximated human age equivalent of the rat (blue) and pig (green) based on species
specific developmental profiles.

SOURCE: Adapted from Casey et al., 2005.

tional organization of the brain reflect a dynamic interplay of progressive
and regressive events that occur simultaneously as the developing individual
interacts with the environment. Although total brain size is about 90 per-
cent of adult size by age 6 years, the brain continues to undergo dynamic
changes throughout adolescence and into young adulthood (Yakovlev and
Lecours, 1967). Current neuroimaging methods do not have the resolution
to delineate the processes that underlie the observed developmental changes
beyond observations of the brain’s gray and white matter subcomponents.
The techniques do, however, allow for assessment of functional sequelae of
concussions and, together with animal models, suggest that the developing
brain responds differently to concussion than does the mature brain (Choe
et al., 2012; Shrey et al., 2011).
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Synaptic Density

Brain cells communicate with each other through synapses, which
are dynamic points of contact between cells where chemicals called neu-
rotransmitters are transferred. During brain development there are dra-
matic changes in the number of synapses in the brain, with different regions
of the brain developing at different rates and times (Bourgeois et al., 1994;
Huttenlocher and Dabholkar, 1997). There is a dramatic increase in the
number of synapses during the first few years of life. This production
of synapses is followed by a prolonged period of synaptic pruning that,
based on an individual’s experiences, eliminates weaker synaptic contacts
while retaining and strengthening the stronger connections. This pruning
process occurs earlier in the auditory and visual cortex (by approximately
12 years of age), than in areas of the prefrontal cortex, which plays a role
in executive functions such as problem solving and decision making (by
approximately 18 years of age) (Bourgeois et al., 1994; Huttenlocher and
Dabholkar, 1997).

Gray and White Matter

Gray and white matter are two major components of the central ner-
vous system (CNS), which includes the brain and the spinal cord. Gray
matter is associated with processing and cognition, while white matter is
involved in coordinating communication between different brain regions.
Longitudinal studies using magnetic resonance imaging (MRI) to map the
developmental time-course of structural changes in the normal brain indi-
cate that increases in white matter are linear throughout childhood and ad-
olescence and continue well into young adulthood. In contrast, the growth
in gray matter volume shows an inverted U-shaped course, first increasing
during the first few years of life and then decreasing during adolescence
(Giedd, 2004; Giedd et al., 1999, 2012; Gogtay et al., 2004; Sowell et al.,
2004). These changes do not occur uniformly throughout an individual’s
development. The primary sensorimotor regions mature during early ado-
lescence, while parietal and prefrontal regions, which are important for at-
tention and working memory, have a more protracted development, lasting
into young adulthood (Gogtay et al., 2004; Sowell et al., 2004). In general,
regions of cortical gray matter (parietal, frontal, and temporal) develop
earlier in females than in males during adolescence (Giedd et al., 2012).
Concussions and other head injuries can result in changes to the integrity
of gray and white matter.
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Cerebral Blood Flow and Glucose Metabolism

In parallel with the structural changes that occur with brain develop-
ment, there are changes in cerebral glucose metabolism and cerebral blood
flow (CBF), which refers to the blood supply to the brain. Normal CBF at
birth is lower than the adult rate of 50ml/min/100g (Chiron et al., 1992).
Blood flow rates increase rapidly during the first year of life and are 50 to
80 percent higher than flow rates in adults by the time a child is 5 to 6 years
of age. CBF rates then decrease gradually during childhood and adoles-
cence, reaching adult values when an individual is between 15 and 19 years
of age. CBF varies with age and sex (Tontisirin et al., 2007; Udomphorn et
al., 2008; Vavilala et al., 2005), with adolescents and adult females showing
greater middle cerebral artery flow rates than male adults (Bakker et al.,
2004; Vavilala et al., 2002a).

Given that cerebral substrate supply and utilization are linked, it is not
surprising that the developmental profile of cerebral glucose uptake mirrors
that of CBF in both animals and humans (Nehlig et al., 1989). Positron
emission tomography (PET) has been used to image the regional changes
in glucose uptake of the normal developing brain. This research shows
that the overall cerebral metabolic rate of glucose consumption (CMRglc)
at birth are 30 percent lower than they are for adults and that glucose up-
take increases sharply after birth to peak at approximately 4 years of age
(Chugani, 1998). CMRglc plateaus at 50-60 pmol/min/100g between 4 and
10 years, followed by a decline in glucose uptake until the uptake reaches
adult rates by the age of 16 to 18 years.

Changes in CBF, cerebral metabolic rates for oxygen, and CMRglc
mirror one another as they peak during early childhood and gradually de-
crease to adult levels (Udomphorn et al., 2008). CBF is coupled to glucose
metabolism, partial pressure of carbon dioxide, partial pressure of oxygen,
and blood viscosity (Len and Neary, 2011). Several studies have demon-
strated that females from 4 to 8 years of age and between 10 and 16 years
of age show greater middle cerebral artery and basilar artery blood flow
velocities relative to males of the same age (Tontisirin et al., 2007; Vavilala
et al., 2005). Compared with adults, youth ages 12 to 17 years show lower
autoregulation of blood flow and higher blood flow velocities (Vavilala et
al., 2002b). While evidence in the literature sufficiently demonstrates the
existence of age and sex differences in the maturation of these couplings,
it is also clear that much more research needs to be done to understand
the extent and significance of these differences in regard to how they affect
cerebral response to concussions and other brain injuries.
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Behavioral Changes

Sleep patterns change dramatically during brain maturation. The aver-
age sleep duration for infants is 12.7 hours and for toddlers is 11.9 hours
(Galland et al., 2012). Sleep duration is influenced by the start of school at-
tendance, which begins around 5 or 6 years of age. The average sleep dura-
tion gradually decreases from approximately 10.5 hours during elementary
school (5- to 10-year-olds) to about 9.3 hours during middle school (11- to
13-year-olds) (Iglowstein et al., 2003). During adolescence, biological sleep
patterns shift toward later times for both sleeping and waking (Malone,
2011). Although the optimal sleep duration for adolescents is about 9
hours each night (Carskadon et al., 2004), the average high schooler (14- to
18-year-olds) gets between 6 and 8 hours of sleep each night, largely due to
early school start times and wake-inducing activities (e.g., social and aca-
demic activities) that interfere with sleep. This reduction in sleep coincides
with the period of adolescent cortical synaptic pruning. The possibility of
interactive factors at work, with changes in sleep altering cognitive, linguis-
tic, and emotional behaviors, should be considered when identifying sleep
and cognitive impairments in youths following a concussion.

Adolescence is also a period of brain development that is marked by an
increase in risk behaviors and addiction. The prefrontal cortex is important
in executive decision making, the regulation of emotions, and the assess-
ment of risk and reward (Bechara et al., 2000; Kelley et al., 2004; Romer,
2010; Spear, 2010). Protracted development of the prefrontal cortex may
contribute to an increase in risk-taking behaviors in adolescence (Bava
and Tapert, 2010; Casey and Jones, 2010; Dayan et al., 2010; Pharo et
al., 2011). Such behaviors may include those that result in increased risk
of injury. Compared with previous generations, today’s youth, due to an
earlier average age of puberty (Biro et al., 2010), may have a greater mis-
match between the propensity to engage in risk taking (which arises with
the onset of puberty) and behavioral inhibition (which is associated with
development of the prefrontal cortex).

BIOMECHANICS OF CONCUSSION

The biomechanics of TBI (including concussions) is defined broadly as
the interrelationships among the forces experienced during impact, head
and neck movements, stiffness of the tissue that composes the head/neck
complex, deformation of structures at the macroscopic and microscopic
level, and the biological responses to the various loading conditions im-
posed on the head. The biological responses may be structural (torn vessels
and axons) or functional (changes in blood flow or neurological status), and
they may be immediate or delayed.
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Understanding the biomechanics of sports-related concussions in youth
requires knowledge about what head and neck movements and applied
forces occur in an array of sporting environments, how the developing head
and neck mechanical and biological properties change with age and gender,
how mechanical responses change during development, and how tissue
deformations or changes in physiology (e.g., CBF, metabolism) produced
by these motions and forces may directly or indirectly cause a concussion.
This information plays a pivotal role in understanding risk factors and
designing practices and equipment to reduce the incidence of concussions
in sports. The studies employed for biomechanics investigations typically
include direct measurements of loading conditions and responses in hu-
mans, animals, and anthropomorphic surrogates (i.e., crash test dummies);
visualization of tissue responses to prescribed loads in order to characterize
the responses of complex geometries or composite structures; mechanical
property testing of individual components in order to identify changes
with age; computational models to predict how tissues will deform during
impact or rapid head rotations; and identification of the time-course of cell
or tissue responses to specified deformations in order to define thresholds
associated with various types of injuries. Note that blast injuries are typi-
cally associated with exposure to extremely rapid pressure waves that cause
rapid expansion and contraction of brain tissue as they pass through the
brain; the biomechanics and characteristics of these types of brain injuries
are distinct from most brain injuries that occur in sporting environments
(Holbourn, 1945; Ommaya et al., 1971), and they will not be discussed
further in this section. Non-blast-related impacts to the head that occur in
the military setting may be governed by similar mechanics as those on the
athletic field, however, and the concepts discussed in the following section
are applicable.

Understanding the relationships between biomechanics and concussions
in the developing brain is an essential step in creating protective devices to
reduce the incidence of sports-related concussion and in developing rule
changes aimed at reducing individuals’ exposure to hazardous conditions.
This section summarizes the range of experimental platforms used to study
brain injury, what has been learned from these studies about how brain
injuries occur, and the many gaps in our understanding of how concussions
occur in a youth sports environment.

Overview of Common Experimental Platforms for
Understanding the Biomechanics of Traumatic Brain Injury

Investigators can use human data obtained in the field during sporting
events to help understand what scenarios cause concussion. Typically, a sen-
sor affixed to a helmet or a mouthpiece is used to measure the magnitude,
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direction, and type (i.e., linear, rotational, centroidal, or non-centroidal)
of head motion (see, for example, Camarillo et al., 2013; Crisco et al.,
2010; Daniel et al., 2012; Rowson and Duma, 2013; Rowson et al., 2012).
These sensors do not usually measure head impact forces directly (for an
exception, see Ouckama and Pearsall, 2011), but rather they measure the
head’s movement (acceleration or velocity) in response to an impact. The
mechanical data recorded by the sensors are correlated with clinical assess-
ments of injuries sustained on the sport field. However, such human data
are influenced by equipment design limitations. For example, some devices
are unable to measure actual head movements because of slipping between
head and sensor, some cannot measure linear motions independently from
angular motions or only report motion in a single plane of motion or a
composite, and some sensors have errors or measurement variability that
exceed reasonable standards. The human data may also be limited by
inaccuracies in self-reports of concussions and difficulties in adequately
adjusting for varying histories of previous impact exposures. Furthermore,
the lack of control over the direction, extent, and number of head move-
ments each subject experiences impedes the ability to determine whether
the person-to-person variability in outcome measures is attributable to
differences in impact forces or head motions or to differences in sex, age,
and previous history of head injuries. As the current obstacles related to
biomechanical measurements are addressed and objective clinical measures
of concussion are improved, human data collected from on-field settings
will play an increasingly valuable role in understanding what biomechanical
conditions or predisposing factors contribute to concussions.

In 2012 the U.S. Army began using sensors to collect data on the effects
of blasts on the body, including the mechanisms that lead to concussions
and other traumatic brain injury in soldiers. Results are not yet published
(Hoffman, 2012).

To obtain kinematic information in more controlled settings, human-
like anthropomorphic surrogates (i.e., crash test dummies) and laboratory-
based studies are used to reenact film and witness accounts of sports-related
events in order to estimate the forces of impact and head movements (kine-
matics). Surrogates and humans are also used to document the kinematics
associated with non-injurious activities (Feng et al., 2010; Funk et al., 2011;
Lloyd et al., 2011), which are important for identifying both tolerable
and injurious kinematic conditions. It is important to note that surrogates
measure only kinematic responses and that at this time, in the absence of
accepted tolerance values, surrogates cannot be used to predict or measure
concussions or tissue distortions. Instead, results obtained using surrogates
must be correlated with animal studies, autopsy reports, and patient re-
cords to infer biological responses to kinematic loading conditions or with
computational models to infer tissue deformations resulting from a head
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rotation or impact. A final issue is that there are few surrogates for youth
and no surrogate has been validated as representative of human responses
in sports settings, where kinematic conditions are often considerably lower
than in car crashes.

Computational models are used to estimate the tissue distortions and
stresses that may result from the kinematics of a rapid head motion or head
impact, but they are valuable for understanding mechanics only when they
use life-like tissue stiffnesses. Brain and skull tissue stiffnesses are available
for young children (infants and toddlers) and adults (Coats and Margulies,
2006; Elkin et al., 2010; Kaster et al., 2011; Prange and Margulies, 2002;
Prevost et al., 2011), but there are few data for older youth. As is the case
with surrogates, computational models cannot be used to directly mea-
sure concussion or axonal injury, skull fracture, or vessel rupture; instead,
predicted deformations or stresses from the model must be compared to
published tissue-specific thresholds in order to infer injury. An important
point is that early data have demonstrated that the brain tissue distortions
and stresses in the skull that are associated, respectively, with axonal injury
and skull fracture are smaller in young children than in adults (Coats and
Margulies, 2006; Ibrahim et al., 2010; Raghupathi and Margulies, 2002;
Robbins and Wood, 1969), but there are no concussion tissue threshold
data for older youth.

It is important to note that, typically, biomechanical thresholds of
injury correspond to the risk of acute injury. Rarely is biomechanics used
to develop injury thresholds for long-term consequences, repeated expo-
sures, or predisposing biological conditions. The physiological response
to an initial injury may continue for days or weeks (see discussion on the
neurochemistry of concussion later in this chapter), potentially creating a
prolonged period when the brain may respond differently to a second event
(discussed in Chapter 5). It is unknown whether deformation injury thresh-
olds for previously injured tissue, which may be hypoxic or metabolically
compromised, are lower than for normally functioning tissue. Research at
the intersection of biomechanics and physiology is required before inves-
tigators can predict whether a subsequent head rotation or impact after a
concussion may be more damaging than a single event.

Another common application of computational models is to simulate
the head response to an impact and, if human data for that event are known,
to use the model’s estimates of tissue distortions to infer tissue deforma-
tions that may be associated with brain injury (Kimpara and Iwamoto,
2012; Kleiven, 2007; Takhounts et al., 2008). This indirect prediction of
brain injury is hampered by the drawbacks described above and, given that
brain injury is now understood to be heterogeneous, by the challenge of
defining the critical deformations associated with various types and sever-
ity of the specific brain injury of interest (Saatman et al., 2008). Previous
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biomechanics studies have linked tissue deformations to a spectrum of brain
injuries and have demonstrated that deformation thresholds are age- and
injury-specific and that the magnitude and rate of the distortion required to
rupture a blood vessel are different from those required to injure an axon
or cause a concussion (Coats et al., 2012; Monson et al., 2003; Smith et
al., 1999; Zhu et al., 2006). It is widely accepted that smaller deforma-
tions may be associated with brief functional changes (deficits in synaptic
transmission, signaling pathways, and membrane permeability; see Meaney
and Smith, 2011) and that larger deformations may cause permanent struc-
tural changes (Cater et al., 2006; Elkin and Morrison, 2007). Thus, tissue
distortions and the rates of tissue deformation associated with concussion
(with no lingering neural or vascular structural changes visible in radiologi-
cal imaging or pathology) are probably lower than those for more severe
brain injuries (Gennarelli et al., 2003), so it is inappropriate to rely on a
single threshold for all head injuries. Moreover, it is unknown whether a
concussion is produced when a critical proportion of the entire brain expe-
riences deformation above a threshold level or whether only certain brain
locations must be exposed to deformation (King et al., 2003; Ommaya and
Gennarelli, 1974). Furthermore, the research community has not reached a
consensus regarding whether the most appropriate injury thresholds should
be defined as an average value, a threshold associated with zero injury risk,
or one associated with some modest acceptable chance of injury. For com-
parison, in automotive safety, vehicles and restraint systems are designed
so that body regions experience mechanical loads below a threshold value
associated with a chance of moderate to serious injury of anywhere from
15 to 50 percent (Kleinberger et al., 1998). Each of these gaps in knowledge
about concussion thresholds limits the ability of computational models to
predict whether a concussion would occur from a specific head rotation or
impact. However, when appropriate and acceptable tissue thresholds spe-
cific to concussions in youth are determined in the future, computational
models of the human head will be powerful platforms to identify dominant
and secondary factors that contribute to the biomechanics of concussion,
to integrate future data regarding synergistic effects of biology and biome-
chanics, and to develop rational guidelines for protective equipment.
Presently, because human data and computational models are limited,
researchers use alternative idealized experimental preparations such as ani-
mals, tissues, and isolated cells to create controllable settings with similar
predisposing conditions among subjects and reproducible mechanical loads.
Animal models are useful for measuring physiological responses (e.g., re-
flexes, blood flow, tissue oxygen content, metabolic derangements); injuries
to the vessels, axons, and neural cell bodies; and changes in motor, memory,
learning, and behavioral aptitudes at prescribed time-points after injury.
Although they are the best substitute for humans, there are four chal-
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lenges in using animal models to understand sports-related concussion
youth. First, human concussion includes changes in mental status without
a loss of consciousness, and no metrics have been developed to assess these
subtle alterations in animals immediately after injury. Thus, the definition
of brain injury in an animal model includes loss of consciousness, often
accompanied with demonstrable changes in axon structure or function,
appearance of hemorrhages, or longer-term alterations in neurological func-
tion. Because concussions may not be associated with axonal injury, hemor-
rhage, and loss of consciousness, animal models, even those of mTBI, most
commonly involve more severe brain injuries than concussion. Second,
informative injury models need to mimic the injuries seen in sporting envi-
ronments (Wall and Shani, 2008), yet most brain injury models create focal
hemorrhagic cortical lesions caused by direct impact to the skull or exposed
brain (Xiong et al., 2013), while the human concussed brain is more com-
monly associated with distributed white matter alterations (Benson et al.,
2007; Kraus et al., 2007). Third, most models use adult animals, and, given
the developmental differences described earlier in this chapter, extensions to
youth should be made with caution. Fourth, animal models most commonly
involve mice and rats but have also included ovine, porcine, and nonhu-
man primate models (Browne et al., 2011; Durham et al., 2000; Finnie et
al., 2012; Gennarelli et al., 1981, 1982; Viano et al., 2012). Recent reports
indicate that rodents have limited fidelity to human genomic and proteomic
responses, injury time-courses, and gray and white brain matter distribu-
tion (Duhaime et al., 2006; Seok et al., 2013), which implies that there are
challenges in applying what is learned about injury in the developing rodent
brain to the human child. Despite these four substantial challenges, animal
models are a valuable tool for understanding how head impacts and sudden
head movements translate to brain deformations and how brain deforma-
tions result in a spectrum of brain injuries, from mild to severe.

What Has Been Learned About How Traumatic Brain Injuries Occur

Using the tools described above, researchers have determined that with
or without a helmet, when the head contacts a stationary or moving object
there is a rapid change in velocity and a possible deformation of the skull.
Skull deformation may produce a local contusion or hemorrhage if the
deformations of the tissues exceed their injury thresholds. When the prop-
erties of the contact surfaces are softer or allow sliding or deformation, the
rate of velocity change (acceleration or deceleration, depending on whether
the velocity is increasing or decreasing) is lower. Similarly, if there is no
head contact but only body contact (e.g., in a tackle), the deceleration of
the moving head is usually lower than when the head is contacted directly.

After the initial rapid change in velocity caused by impact to the head
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or body, the subsequent motion of the head is influenced by the location of
that initial point of contact and the interaction between the head, neck, and
body. There are three possible kinematic responses to head contact. First,
if the contact is directed through the center of mass of the brain (i.e., is
centroidal), there may be linear motion and no rotation of the head (e.g., a
weight dropping down onto the top of the head or a blow to the back of the
head that moves the ears and nose forward without neck flexion or exten-
sion). Animal studies have shown that these purely linear motions produce
little brain motion or distortion and no concussion (Hardy et al., 2001;
Ommaya and Gennarelli, 1974; Ommaya et al., 1971). However, most
often the contact force is not directed centroidally through the brain, a situ-
ation that is referred to as a non-centroidal impact. After a non-centroidal
contact, the head may rotate without a linear motion (e.g., shaking the head
“no”). This purely rotational motion produces a distortion of the brain’s
neural and vascular structures within the skull because the brain is softer
than the skull and loosely coupled to the skull. More commonly, though,
a head impact produces a change in head velocity that is associated with
both linear acceleration and rotation of the head. This combined rotational
and linear motion may occur because the contact is glancing (further away
from the rotation center) or the body continues to move after the head is
restrained by the contact surface or the head bounces or rebounds after
contact. For these combined rotation/linear head responses, computational
simulations have illuminated the relationship between the location of the
head impact, the kinematic responses of the head (linear and rotational
accelerations), and the predicted brain tissue deformations (Aare et al.,
2004; Kleiven, 2007; Post et al., 2011). Specifically, for those unusual
instances when the head impact is through the center of mass of the head,
linear acceleration correlates with the rotational acceleration response and
the average deformation response in the brain. In these situations, linear ac-
celeration is a reasonable surrogate for the brain tissue distortion response.
By contrast, in the more common non-centroidal head impacts, linear and
rotational accelerations are not correlated significantly, and the rotational
acceleration component of the head response correlates most strongly with
the average and peak brain deformations. Thus, for the most common head
contact events, the linear acceleration component does not describe all of
the brain’s deformation response, and therefore when used alone, is not a
robust predictor of injury risk.

Internal structures of the head, such as the falx cerebri and tentorium,
influence how the brain moves within the skull and may cause local brain
regions with very high deformations only in certain directions of head
rotation, so that sagittal and coronal rotations may produce more severe
injuries in primates at lower accelerations and velocities (Gennarelli et
al., 1982). In addition, animal and human studies have shown a general
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trend that higher rotational velocities and accelerations—rather than linear
accelerations—can cause larger diffuse brain deformations and worse dif-
fuse brain injuries (Gennarelli et al., 2003, Kimpara and Iwamoto, 2012;
Ommaya et al., 1971) and that head injuries depend on the direction of
head motion as well as on the magnitude of rotational kinematics (Eucker
et al., 2011, Gennarelli et al., 1981).

Previous research attempted to tease out if it is the change in rotational
velocity (“delta v”), or the rate of change in rotational velocity (rotational
acceleration or deceleration), or the acceleration duration that best predicts
injury. Kimpara and Iwamoto (2012) demonstrated that head impact sce-
narios have shorter durations and higher accelerations than non-head con-
tact events. Ommaya and colleagues showed that unconsciousness occurred
more readily in adult nonhuman primates when rapid head rotations were
achieved via direct blows to the head than when they were achieved via a
non-head contact whiplash motion (Ommaya et al., 1973); other research
showed that unconsciousness occurred less frequently for a given change
in velocity when a cervical collar was used to decrease rotation of the head
(Ommaya, 1985). Similarly, animal models that allow more head rotation
after impact or enhanced head or brain movement produce more severe
brain injuries (Foda and Marmarou, 1994; Marmarou et al., 1994). It is
difficult to determine whether change in rotational velocity and accelera-
tion contribute independently to concussion because no studies have used
high and low rotational accelerations for the same change in rotational
velocity to determine the relative importance of these kinematic variables
on injury risk.

Animal studies have indicated that it is important to limit the duration
of exposure to acceleration, as research has shown that concussions occur
when the duration of rotational acceleration is increased (Ommaya et al.,
1966). Furthermore, animal studies have demonstrated that the location
of brain deformation may affect the resulting injury, suggesting that even
a concussion-specific brain deformation threshold may vary with region
(Cater et al., 2006; Elkin and Morrison, 2007; Vink et al., 2001; Yoshino
et al., 1991).

In summary, further research is needed to define the direction-specific
and brain-region-specific thresholds for linear and rotational accelerations
associated with concussions in youth. These thresholds may differ between
youth and adults and may vary across the pediatric age spectrum. Finally,
as mentioned above, the deformations associated with functional and struc-
tural impairment may differ, and tools need to be developed to accurately
assess functional derangement. The physio-mechanical link between mul-
tiple impacts must be defined. Until these foundational biomechanics are
defined, it will be premature to make predictions of concussions based
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upon computational model simulations and head kinematic measurements
in humans and surrogates.

NEUROCHEMISTRY OF CONCUSSION

Damage to brain tissue resulting from movement of the brain within
the skull, as may occur with a head impact, initiates a cascade of molecular
events that disrupt normal brain cell function. In this section the molecular
processes that have been shown to characterize brain injuries are discussed
in the context of age and sex. It should be noted that much of what is
currently known about these processes is drawn from research involving
animals and subjects sustaining moderate to severe brain injuries. Box 2-1
describes some of the experimental models that were used in the research
described in this section to study the physiological response to brain injury
in animal models.

Ionic Flux and Neurotransmitter Release

TBI induces immediate changes in brain neurochemistry (see Figure 2-2,
Steps 1-3). Normally, significant cellular energy is used to keep ions dis-
tributed across the plasma membranes in such a way so as to maintain a
membrane potential between —40 and =80 millivolts (mVs). Studies primar-
ily involving rodents show that an indiscriminate efflux of potassium and
glutamate (Katayama et al., 1990) and an influx of calcium follow immedi-
ately after a concussive fluid percussion brain injury (Enerson and Drewes,
2003; Osteen et al., 2001). The magnitude of the potassium rise in the
extracellular space increases with injury severity (Katayama et al., 1990),
with as much as a fivefold increase observed at 1.5 minutes post injury.
These rapid increases resolve after approximately 2.5 minutes in mild
injuries and within 6 minutes after more severe injuries. Increases in ex-
tracellular glutamate concentrations showed a similar time-course follow-
ing TBI in the adult rat. The release of excitatory amino acids following
severe brain injury in humans has been observed with microdialysis probes
(Bullock et al., 1995, 1998; Persson and Hillered, 1992; Vespa et al., 1998).
Research involving humans also provides evidence for neurotransmitter
release after concussive injuries. In a study involving 12 concussed athletes
(mean age 22.5 years) and 12 non-concussed athletes, Henry and colleagues
used (1)H magnetic resonance spectroscopy ((1)H-MR) to noninvasively
study acute metabolic changes post injury. The concussed athletes showed
more symptoms and a significant decrease in N-acetylaspartylglutamic acid
(NAA) in the primary motor cortex between 1 and 6 days post injury as
compared with the non-concussed controls (Henry et al., 2010). The find-
ings of decreased glutamate are in contrast to the changes seen in studies
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BOX 2-1
Overview of Commonly Used Experimental
Models of Traumatic Brain Injury

The fluid percussion device is commonly used to produce general brain
movement injuries. Saline is injected rapidly into the epidural space of the brain
of an experimental animal through a craniotomy upon release of a pendulum that
generates a fluid wave pulse in a saline-filled cylinder (Lindgren and Rinder, 1965;
Stalhammar, 1990). Various injury severities can be generated with this model,
and the location of the impact site has been shown to determine histopathology
(Vink et al., 2001). Lateral mild injuries produce general brain tissue deformation
that produces metabolic derangements with no overt cell loss (Fineman et al.,
19983; Prins et al., 1996). In contrast, mid-lateral injuries do generate a develop-
ing contusion core (Vink et al., 2001). This model has been used in numerous
age groups to generate diffuse brain injuries with measurable cognitive deficits,
and mild fluid percussion injuries mimic numerous aspects of concussive injuries
(Prins and Hovda, 1998, 2001; Prins et al., 1996).

The weight drop injury model involves the release of a known weight onto
either the unrestrained exposed skull to produce diffuse injury (Marmarou model)
or directly onto the brain through a craniotomy to produce a focal contusion
(Feeney model) (see Feeney et al., 1981). In both cases injury severity can be
adjusted by the amount of weight and the height from which the weight is released.
The Marmarou weight drop injury has been applied to the developing brain, both
are well characterized in the adult brain, and milder injuries can replicate aspects
of concussive injuries (Kane et al., 2012; Milman et al., 2005).

The controlled cortical impact (CCl) model uses a pneumatic piston that
is driven a known depth and velocity into the exposed brain to produce an evolv-
ing contusion (Lighthall, 1988), or it can be applied to the closed skull to produce
“concussive” types of injuries (Huh et al., 2007; Laurer et al., 2001; Prins et al.,
2010). As with the other models, the depth of penetration and velocity can be
varied to produce different injury severities in different age groups.

Fluid percussion, weight drop, and CCI injuries have been applied to vari-
ous animal species, including mice, rats, cats, and piglets. Rotational injuries
have been applied to rats (Davidsson and Risling, 2011; Li et al., 2010) as well
as to piglets and primates (Browne et al., 2011; Stahlhammer, 1986; Sullivan et
al., 2013).

involving animals and more severe TBI, but the time-course of changes
was not examined in this study. Scans collected between 1 and 6 days post
injury were averaged and may not reflect the same time-course of changes
observed in other studies. The animal studies were conducted immediately
after impact, and the clinical studies were conducted 1 to 6 days post injury.
There is currently little research that examines the time-course of these
changes over longer periods and at different injury severities.
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FIGURE 2-2 Neurochemical cascade observed after moderate traumatic brain in-
juries. Many of these events are believed to be involved to a lesser extent following
mild and concussive brain injuries. Step 1 shows the indiscriminate release of glu-
tamate and other neurotransmitters immediately after impact. These neurotransmit-
ters bind to the post-synaptic membrane, causing rapid large-scale depolarization of
brain cells (Step 2). The depolarization opens ionic channels, allowing many ions
to flow down their concentration gradients and disrupting cell membrane potential
(Step 3). Na+/K+ pumps work harder to reestablish the normal ionic gradient, but
this requires cellular energy in the form of adenosine triphosphate, or ATP (Step 4).
Glucose uptake into the brain transiently increases shortly after injury (Step 4), but
within 30 minutes enters a prolonged stage of decreased glucose uptake (Step 7).
During these early metabolic changes there are also increases in free radical pro-
duction by the mitochondria (Step 5), which are increasingly compromised by their
attempt to buffer intracellular calcium (Step 8). The free radicals contribute to pro-
tein, DNA, and lipid damage (Step 6). Additionally, the mechanical disruption of
the impact can cause damage to microtubules, leading to axonal swelling, disruption
of axonal transport, and eventual disconnection (Step 9).
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Collectively, the animal studies of moderate brain injuries suggest that
such injuries cause a release of signaling molecules which results in a dis-
ruption of the ionic balance across the cell membrane immediately after
the injury event. Unless these ions are pumped back to the correct side of
the cell membranes, the brain cells will not be able to be activated again.
While it is thought that these events occur to a lesser degree or for a shorter
duration following milder or concussive injuries, human studies examining
acute neurochemical changes following concussive injuries in youth as well
as adults or that address sex differences in response are lacking.

Metabolic Cascade After Traumatic Brain Injury:
Glucose and Cerebral Blood Flow

The energy required to resolve the disruption of the neurochemical en-
vironment seen after injury triggers an immediate increase in brain glucose
uptake or CMRglc. The immediate release of glutamate after impact plays
a significant role in this transient increase in glucose uptake (Kawamata
et al., 1992). In an adult rat, CMRglc rates increase 30 to 46 percent im-
mediately after moderate fluid percussion impact and remain elevated for
30 minutes (Yoshino et al., 1991) (see Figure 2-2, Step 4). The early increase
in cerebral glucose uptake following brain injury is thought to reflect the
increased energy demands associated with reestablishing ionic homeostasis
and maintaining neuronal membrane potential (Hovda et al., 1994; Sutton
et al., 1994; Yoshino et al., 1991). While ['8F]-fluorodeoxyglucose positron
emission tomography (FDG-PET) studies have shown increased glucose up-
take following severe TBI in humans (Bergsneider et al., 1997), no studies
have examined this immediate increase in glucose uptake after mild or
concussive brain injuries.

TBI-induced increases in cerebral glucose uptake are followed by a
reduction of adenosine triphosphate (ATP) levels and prolonged CMRglc
depression (see Figure 2-2, Step 7). This post-injury decrease in CMRglc has
been established as a hallmark response after TBI. It is a response that is
observed in animals following experimental fluid percussion that results in
concussive injuries and cortical contusion (Andersen and Marmarou, 1992;
Buczek et al., 2002; Chen et al., 2004; Kawamata et al., 1992; Richards et
al., 2001; Yoshino et al., 1991, 1992) and that is also observed in humans
who have sustained severe TBI (Bergsneider et al., 1997; O’Connell et al.,
2005). On the other hand, there is no evidence of these changes from stud-
ies involving humans who have sustained concussions.
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Relationship Between Injury Severity and CMRglc Depression

Research involving adult rats has found glucose metabolic depression
to remain for 5, 10, or 14 days after experimental mild, moderate, or se-
vere fluid percussion injury, respectively (Hovda et al., 1994). Focal injuries
from controlled cortical impact (CCI) appear to produce a more profound
and longer-lasting depression than the more diffuse fluid percussion injury
does (Prins and Hovda, 2009; Sutton et al., 1994). TBIs that do not cause
overt cell death or gross pathology can still produce metabolic dysfunction.
Studies involving humans show that mTBI, which may involve axonal dam-
age or dysfunction as detected by diffusion tensor imaging, is associated
with measurable decreases in CMRglc (Gross et al., 1996; Humayun et al.,
1989). The decreases in CMRglc in mTBI patients are correlated with per-
sistent post-concussive symptoms (Gross et al., 1996; Umile et al., 2002).
PET studies in 14 human TBI patients (mean age 36 years) with a mean
Glasgow coma score scale of 6.5 (mild-severe) showed CMRglc depression
between 5 and 28 days for all levels of injury severity (Bergsneider et al.,
2001). This duration of CMRglc depression has been estimated to be five
to six times longer in humans than in rats. Initial injury severity in adult
human TBI patients does not appear to correlate with the magnitude or
time-course of cortical metabolic recovery (Bergsneider et al., 2001). How-
ever, the CMRglc rates for thalamus, brain stem, and cerebellum correlate
significantly with the level of consciousness at the time of PET imaging in
adult TBI patients (Hattori et al., 2003). This pattern may suggest that
concussions would result in a shorter duration of decreased metabolic de-
pression than would moderate and severe brain injuries.

Relationship Between Age, Sex, and CMRglc Depression

Animal research suggests that the magnitude and duration of CMRglc
depression following a brain injury increases with age. For example,
17-day-old rats (analogous to human newborns) that were injured via
fluid percussion showed glucose metabolic recovery to age-matched shams
within 3 days (Thomas et al., 2000), whereas adult (70-day-old) rats took
10 days for recovery. After CCI injury, 35-day-old rats (human adolescent)
showed recovery of metabolic rates of subcortical structures within 3 days,
as compared with 7 days in 90-day-old rats and also exhibited better
metabolic recovery in the cortex by day 7 (Prins and Hovda, 2009). It is
important to note that these are metabolic recoveries observed in animal
models and that pediatric CMRglc after various severities of TBI has not
been measured. While these studies all modeled injuries that are more severe
than concussions, there was one experimental study that measured CMRglc
after concussive-like injuries in the adolescent rat; in this case CMRglc
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depression was observed at 24 hours after a closed-head concussive injury,
and recovery was observed in all structures by 5 days (Prins et al., 2013).

There have been no studies in humans on age and sex differences in
the metabolic alterations that occur after a concussion. Some research has
used PET imaging of TBI in youth populations as a way of measuring
metabolic activity, but these studies did not evaluate whether there were
differences in the findings by age (Gross et al., 1996; Roberts et al., 1995;
Worley et al., 1995). In one study, abnormal CMRglc rates were positively
correlated with the number of clinical symptoms reported and with neu-
ropsychological test results following mTBI in patients 12 to 59 years old
at 3.5 years post injury (Gross et al., 1996). Worley and colleagues (1995)
demonstrated that abnormalities on PET images obtained within 12 weeks
following severe TBI were associated with poorer clinical outcomes in chil-
dren 4 months to 19 years of age. The limited data from research involving
human subjects suggests that younger and female youth may take longer
to become symptom-free following a concussion and that younger youth
may take longer than older youth to return to baseline on neurocognitive
measures (Berz et al., 2013; Zuckerman et al., 2012). Future clinical stud-
ies comparing the time-course between children and adults after similar
types of injuries may give insight into whether the experimental evidence
translates to the human condition.

Changes in Cerebral Blood Flow After TBI

There have been hundreds of studies on changes in CBF after TBI, but
relatively few of them have focused on CBF changes in pediatric popula-
tions, and even fewer have addressed changes following a concussion or
mTBI. Only a couple of studies have evaluated sex differences in changes
in CBF following TBI. As with CMRglc responses, CBF decreases immedi-
ately following both moderate to severe TBIs and mTBIs, and it can remain
depressed for extended durations (Bonne et al., 2003; Giza and Hovda,
2001; Golding et al., 1999; Grindel, 2003; McQuire et al., 1998; Werner
and Engelhard, 2007). Younger TBI patients can show a different response
to injury than do older individuals, with acute hyperemia followed by de-
creases in CBF (Mandera et al., 2002). This pattern has also been observed
in experimental studies with 3.5- to 4.5-week-old rats (human adolescent),
which demonstrated age differences in CBF response to weight drop injury,
with young adult animals showing a greater reduction in blood flow at
the injury site 2 hours post injury (Grundl et al., 1994). Subsequent study
found that both 3- to 4-week-old and 2- to 3-month-old (young adult) rats
show hyperemia between 24 and 48 hours post injury (Biagas et al., 1996).
Dramatic decreases in CBF were also measured within 1 hour after rapid
head rotations that caused diffuse white matter injury in 3- to 5-day-old
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infant piglets and 4-week-old toddler piglets (Eucker et al., 2011; Friess et
al., 2011; Zhou et al., 2009), with significant reductions even 24 hours after
diffuse brain injury (Kilbaugh et al., 2011). Decreases were also detected in
1- and 4-month-olds at 3 hours after CCI injury (Durham et al., 2000). Dif-
fering ages, injury severity, and injury type may also result in different CBF
responses. Fluid percussion injury in 1- to 3-day-old piglets showed greater
reductions in CBF than did the same injury in juvenile (3- to 4-week-old)
pigs (Armstead, 1999). The different CBF age responses among piglets of
different ages versus among rats of different ages may be related to differ-
ences in the types and severities of the injuries as well as differences in the
time that the CBF was measured. There are fewer studies examining the
effects of mild or concussive injuries on CBF in the younger brain. A recent
study of 12 concussed children ages 11 to 15 showed that CBF, as measured
by phase-contrast magnetic resonance angiography, was decreased relative
to controls immediately after injury and that this decrease persisted beyond
30 days after injury even after symptoms resolved (Maugans et al., 2012).

In addition to causing changes in CBE, TBI can also affect cerebral
autoregulation. Autoregulation is the ability of the brain to maintain a
constant CBF in response to changes in blood pressure between 50 and 150
mmHg. TBI can directly affect the brain’s ability to maintain appropriate
blood flow. Age and severity-dependent impairment in autoregulation has
been observed. Mild brain injury has been shown to impair autoregulation
and vascular reactivity in children (Becelewski and Pierzchala, 2003; Choe
et al., 2012; Junger et al., 1997; Vavilala et al., 2004). Clinical studies
examining changes in autoregulation after pediatric TBI have shown that
the prevalence of impaired autoregulation increases with injury severity
(Vavilala et al., 2004). Sex differences in CBF or autoregulation following
TBI of any injury severity have not been addressed in the literature. Given
that children and adolescents have higher normal blood flow rates, age-
dependent definitions for “hyperemia” and “hypoperfusion” have been
established for patient management (Vavilala et al., 2004). The risks for
secondary ischemia versus elevations in intracranial pressure must be es-
tablished by age and sex following all injury severities.

In summary, changes in brain glucose metabolism and blood flow after
brain injury have been shown to be important biomarkers of TBI patho-
physiology in all age groups and injury severities. However, there is a lack
of data on changes in blood flow and glucose metabolism following mTBI
and concussions in both males and females and at different ages during
childhood and adolescence.
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Oxidative Damage

In addition to TBI-induced metabolic crisis, there are also various
pathways that result in oxidative damage that are activated acutely after
TBI. It is unclear whether oxidative damage occurs after concussion, but
given the potentially additive nature of multiple concussions it is impor-
tant to discuss this common finding in animal models. Free radicals are
molecules with unpaired electrons that will react with surrounding com-
pounds to gain electrons. TBI-induced increases in reactive oxygen species
(ROS) and reactive nitrogen species can generate hydroxyl radicals (¢OH)
and peroxynitrite (ONOQO-). While normal mitochondrial metabolism pro-
duces ROS, they are managed by cellular antioxidant systems. Studies have
shown that trauma to the brain and CNS can result in greater production
of ROS, resulting in oxidative damage to proteins, lipids, and DNA (Hall
and Braughler, 1993; Kerr et al., 1996; O’Connell and Littleton-Kearney,
2013) (see Figure 2-2, Steps 5 and 6).

It is difficult to quantify the level of the short-lived free radicals pre-
cisely, but the level has been shown to be elevated shortly after experimental
brain injury. Hydroxyl radical (¢OH) production has been observed to
increase 60 percent within the first minute, peak within 30 minutes, and
then subsequently decrease after a weight drop resulting in a concussive-like
injury in adult mice (Althaus et al., 1993; Hall et al., 1993). CCI injury in
adult rats produced a 250 percent increase in ®OH production, which was
sustained for 90 minutes (Marklund et al., 2001; Sen et al., 1993). Focal
CCI injury produced a rapid increase in nitrate levels, with the peak at 5
minutes and a return to baseline by 6 hours post injury (Rao et al., 1998).
Longer-lasting changes in cortical levels of the inducible isoform of nitric
oxide synthase (iNOS) were observed by immunostaining 3 to 7 days fol-
lowing adult concussive fluid percussion injury (Wada et al., 1998). Fluid
percussion injury induces iNOS expression after 24 to 28 hours in imma-
ture vascular smooth muscle cells and neutrophils (Clark et al., 1996). Until
recently, it was not possible to measure free radicals in human TBI patients.
Biomarkers for oxidative damage in human severe head injuries have been
explored in adults and children through microdialysis sampling (Bayir et
al., 2009; Clausen et al., 2012; Cristofori et al., 2005), which remains
too invasive for concussion patients. Free radical production has not been
quantified after concussive injuries in any age group.

Laboratory measurement of free radicals is difficult because their per-
sistence in the body is generally short-lived. Thus, researchers have focused
on the measurement of damage produced by free radicals by quantifying the
lipid peroxidation, protein nitration, and DNA oxidation that occurs after
moderate to severe TBIL In rodent models, increases in lipid peroxidation
were observed 1 to 24 hours after weight drop injury (severity not always

Copyright © National Academy of Sciences. All rights reserved.



Sports-Related Concussions in Youth: Improving the Science, Changing the Culture

NEUROSCIENCE, BIOMECHANICS, AND RISKS OF CONCUSSION 75

noted) (Hall et al., 2004; Hsiang et al., 1997; Léwen and Hillered, 1998;
Marmarou et al., 1994; Tyurin et al., 2000; Vagnozzi et al., 1999), after
CCI (Singh et al., 2006), and after moderate fluid percussion injury (Pratico
et al., 2002). Similarly, protein oxidation or nitration products were sig-
nificantly elevated 30 minutes after CCI injury in adult mice and returned
to baseline within 12 hours (Singh et al., 2006). DNA damage as measured
by poly-ADP ribose polymerase (PARP) activity has also been shown to be
elevated between 1 and 21 days after CCI injury in adult rodents (Satchell
et al., 2003). Although there are a limited number of studies directly mea-
suring PARP, research shows the inhibition of PARP to improve lesion
volume after moderate fluid percussion injury (LaPlaca et al., 2001) and
shows preserved cellular NAD* concentrations with improved functional
performance in the Morris water maze! (Satchell et al., 2003) in rodents.

While significant strides have been made toward understanding the ef-
fects of free radicals after more severe TBI, far fewer studies have addressed
oxidative stress after mild or concussive injuries. Mild TBI produced de-
creases in cytochrome oxidase activity in the cortex and hippocampus 1
to 10 days after fluid percussion injury in adult rats (Hovda et al., 1991).
A threefold increase in protein carbonyls was seen immediately after mild
weight drop injury, the protein carbonyls peaked at 3 hours, and they
remained elevated at 12 hours (Petronilho et al., 2010). In this study the
magnitude and duration of protein oxidative damage was inversely related
to the severity of the injury following weight drop injury in adult rats.
Another injury severity study with weight drop showed that mild injury
did not produce histopathology, astrogliosis, or evidence of acute oxidative
stress (Schwarzbold et al., 2010). In this study the degree of pathology and
oxidative damage increased with injury severity.

While experimental studies have been used to address oxidative injury
in various injury models and for various severities in adult animals, there
are very few studies quantifying age- or sex-related differences in oxidative
response after brain injury, including concussions. Currently there is only
one study that examined the consequences of oxidative injury in the devel-
oping brain, and this was done in animals. Tsuru-Aoyagi and colleagues
(2009) showed that 21-day-old mice have increases in protein nitration
after CCI injury prior to contusion development. Other studies have ad-
dressed age-related differences in the antioxidant defense systems after
injury. Despite increased thiobarbituric acid reactive substances after CCI,
no acute compensatory increase in superoxide dismutase or glutathione

I'The Morris water maze is a procedure used to measure spatial learning and memory in
rodents. Rodents are placed into a pool of water from which they may escape onto a platform.
Comparison of the performance of normal and injured animals on this test is a way of examin-
ing the effects of a brain injury (Morris, 1984).
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peroxidase is observed in 7-day-old (Ozdemir et al., 2005) or 21-day-old
(Fan et al., 2003) mice. This lack of increase in antioxidant response in the
younger brain may increase vulnerability to oxidative damage after injury.

Both clinical and experimental evidence demonstrates that moderate
and severe TBI increases oxidative injuries to proteins, membranes, and
DNA in both the younger and the adult brain. However, there are currently
no studies addressing oxidative injury specifically in concussive injuries
with regard to sex or age.

Axonal Injury

In experimental models, axonal damage has been found to be present
acutely after TBI of all severities, with the regional distribution and the
number of damaged axons increasing with injury severity. Originally, this
microscopic pathology was thought to be caused by a mechanical shearing
of the axons during impact that resulted in the formation of an axoplasm
swelling and axonal disconnection (Strich, 1956; Strich and Oxon, 1961).
However, experimental studies have revealed that TBI of any severity can
induce disruptions in axonal transport that cause swellings during the first
6 to 24 hours (Povlishock and Christman, 1995; Povlishock et al., 1983)
(see Figure 2-2, Step 9). Calcium entry through the compromised plasma
membrane has been shown to activate proteases (calpain, calcineurin), re-
sulting in neurofilament degradation, disruption of axonal transport, and
functional failure (Schlaepfer, 1974, 1987). Both mechanical disruption of
cytoskeletal elements and neurochemical changes contribute to acute and
long-term secondary axotomy.

Evidence of axonal damage has been well documented in various ex-
perimental adult models and at varying severities of TBI. The disruption of
axonal transport of amyloid precursor protein (APP) after TBI led to the use
of APP as a marker of axonal injury. Positive APP labeling has been shown
in adult animal models after mild fluid percussion injury (Hoshino et al.,
2003; Hylin et al., 2013; Shultz et al., 2011), after weight drop (Creed et
al., 2011), after CCI injury (Chen et al., 2004; Dunn-Meynell and Levin,
1997; Itoh et al., 2009), and after rotational injury (Browne et al., 2011).

In contrast to the numerous studies on axonal injury in the adult brain,
most of which have involved animals, few studies have been conducted
in the developing brain, and only a couple of studies have examined mild
injuries. Models of greater injury severities in P11-P21 age ranges show
axonal bulbs and varicosities with APP staining between 6 hours and 1
week (Adelson et al., 2001; Huh et al., 2006, 2007, 2008; Tong et al.,
2002). Studies of mTBI also show positive APP staining. Mild CCI in the
P7 mouse produced significant APP labeling in the cingulum/external cap-
sule between 30 minutes and 24 hours post injury, with decreased labeling

Copyright © National Academy of Sciences. All rights reserved.



Sports-Related Concussions in Youth: Improving the Science, Changing the Culture

NEUROSCIENCE, BIOMECHANICS, AND RISKS OF CONCUSSION 77

at 48 hours (Dikranian et al., 2008). While the “mild” impact depth used
in these experiments did not produce cortical cavitation, it did produce in-
creases in caspase 3 in the posterior cingulate cortex and anterior thalamus
between 16 and 48 hours. Because age was not incorporated into the study
design, it remains unclear if these findings suggest a specific vulnerability
of the “infant” brain to injury. Studies examining rotational injuries in the
neonatal pig have also shown axonal injuries. However, studies examin-
ing rotational injuries in the neonatal and toddler pig have shown that a
single rapid rotational injury without impact in the 3- to 5-day-old piglet
produced more axonal swellings and disconnections at 6 hours post injury
than in the adult pig (Raghupathi and Margulies, 2002), and the damage
was similar to that seen in the toddler pig (Ibrahim et al., 2010), despite
the infant pig’s mechanically protective much smaller brain, indicating a
vulnerability in the very young brain. Even single mild concussive injury in
the infant piglet (Kilbaugh et al., 2011) and adult 35-day-old rat showed
significant axonal injury 24 hours after injury (Prins et al., 2010).

In summary, experimental studies have demonstrated damage to neuro-
nal “cables” or axons in mild injuries in both adult and infant age groups.
There is not yet enough known to compare regional and time-course dif-
ferences in axonal pathology across the pediatric age range. There are cur-
rently no studies addressing whether sex differences in axonal pathology
exist in concussions.

Plasticity and Synaptic Changes

TBI leads to changes in the connectivity of the brain and alterations in
the intimate communication between synapses. Experimental models with
adult moderate fluid percussion injury have revealed that synaptophysin (a
protein within the synapse) labeling increased in the cortex and white mat-
ter in a manner that was dependent on the severity of the injury. Western
blot analysis also showed that the accumulation of synaptophysin was long
lasting (30 days), suggesting that the transportation of synaptic vesicles may
be disrupted (Shojo and Kibayashi, 2006). In this same model, decreases
in dendritic spine densities were observed 24 hours after injury, but in-
creases above controls were observed 7 days later (Campbell et al., 2012b).
These acute synaptic changes are thought to reflect synaptic instability and
degeneration (Campbell et al., 2012a) and may have significant implica-
tions for the initiation of rehabilitation. Griesbach and colleagues (2004)
showed that exercise initiated immediately after a mild fluid percussion
injury decreases synaptic plasticity molecules (including phosphorylated
CREB [cAMP response element-binding protein], synapsin I, and mitogen
activated protein kinase) and worsens spatial learning and memory tasks in
the adult rat. By contrast, when exercise was initiated 2 weeks after mild
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fluid percussion injury, the expression of plasticity proteins (BDNF [brain-
derived neurotrophic factor], phosphorylated CREB, synapsin I) increased
(Griesbach et al., 2007).

Environmental experiences can induce significant alterations in the
brain during normal cerebral maturation. These types of “learning” or
“good plasticity” have been shown to produce long-lasting connectivity
changes in the brain following environmental enrichment (Greenough et
al., 1973). Age differences in this type of plasticity response have been
observed following TBI induced by fluid percussion. The brains of young
rats raised in an enriched environment (EE) (consisting of toys, tunnels,
and ladders placed in a two-level cage) show increased dendritic branching,
increased cortical thickness, and improved cognitive performance (Ip et al.,
2002). However, when 17- to 21-day-old rats were placed in an EE im-
mediately after mild to moderate injury, their brains failed to show the
EE-related plasticity and improved cognitive performance (Fineman et al.,
2000; Ip et al., 2002). Recovery of this plasticity response was observed
when immature rats were placed in EE 2 weeks after mild fluid percussion
injury (Giza et al., 2005). Examination of the molecular signals involved in
brain enrichment revealed changes in the N-methyl-D-aspartate (NMDA)
receptor after injury. The NR2A subunit of the NMDA receptor increases
during normal brain development and also in response to stimulation. Fol-
lowing this concussive-like brain injury, the decrease in NR2A expression
in the younger brain is thought to contribute to the failure to show EE
plasticity acutely (Giza et al., 2006). Collectively these research findings
provide evidence that mTBI results in early synaptic changes that can affect
experience-dependent plasticity in the developing brain. More research is
needed to further understand the effects of concussive injury on neuroplas-
ticity at different ages and in males and females.

Hormonal and Pituitary Changes

The pituitary gland is responsible for hormonal production essential for
normal reproductive, cognitive, social, and emotional maturation. Among
adults with mild, moderate, and severe TBI, between 28 and 69 percent
showed pituitary dysfunction between 3 months and 23 years post injury
(Agha et al., 2004; Bondanelli et al., 2004; Kelly et al., 2000; Lieberman et
al., 2001). Case studies of children with moderate to severe brain injuries
and clinical studies of such children have reported acute and persistent pi-
tuitary dysfunction (Acerini and Tasker, 2007; Ives et al., 2007; Niederland
et al., 2007; Norwood et al., 2010). Among pediatric patients with mild
to moderate TBI, 42 percent were found to have significantly lower than
normal growth hormone levels, with the effect seen predominantly in boys.
While deficiency in growth hormone is common after TBI, children can also
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experience deficiency in adrenocorticotropic hormone,? diabetes insipidus,
hypothyroidism, and increases in prolactin (Rose and Auble, 2012). Cor-
tisol deficiencies have also been observed in children several months post
injury (Niederland et al., 2007). The injury severities in this study ranged
from concussions to severe injuries, and the authors report that pituitary
dysfunction was not severity-dependent, although these data were not
shown. There is evidence for pituitary dysfunction after mild to severe
TBI in children (Casano-Sancho et al., 2013; Einaudi and Bondone, 2007,
Khadr et al., 2010; Niederland et al., 2007) that may result in acute and
long-term disruption of normal growth, but changes that occur specifically
after concussions have not been examined. There are currently no experi-
mental models quantifying hormonal deficiencies after concussions by age
or sex. Undetected hormonal changes may have effects on memory, atten-
tion, executive function, mood, fatigue, and sleep and may thereby increase
the duration of recovery.

Window of Vulnerability

The time period during which the brain remains vulnerable to another
injury is the time that athletes should remain out of play. Although there are
currently consensus-derived return-to-play guidelines for professional and
pediatric sports, there are no biological markers of this window of vulner-
ability. A measurable biological marker would allow physicians to assess
the extent of recovery from a concussion.

Although there are no studies addressing biomarkers for increased
risk of subsequent concussions, there is evidence to support the idea that
cerebral vulnerability increases immediately following a concussion. An
experimental study by Meehan and colleagues (2012) showed that as the
interval between injuries decreased, the duration of cognitive impairments
increased. Adult mice were given five repeat weight drop injuries at 1-, 7-,
or 30-day intervals and then assessed in the Morris water maze (MWM) at
1 month and 1 year post last injury. Animals that received daily or weekly
injuries showed significant cognitive impairments that remained at 1 year
post injury. Animals injured at 1-month intervals showed no significant
MWM impairments. The injury model produced no significant edema, hip-
pocampal cell loss, change in cerebral volume, or axonal injury relative to
shams, thus indicating the mild nature of the injury. The cumulative effect
of cognitive dysfunction when injuries occur at shorter intervals suggests
that the impact interval reflects the duration of cerebral vulnerability.

These experimental findings were subsequently tested in human pa-

2Adrenocorticotropic hormone is released from the pituitary gland in the brain. It helps to
modulate the secretion of cortisol and other hormones in the body.
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tients using (1)H-MR spectroscopy. The clinical study, which involved 13
concussed athletes, found that NAA/Cr ratios had decreased by 18.5 per-
cent at 3 days post injury and that they had returned to control levels by
30 days. Three of these patients who resumed normal activities shortly
thereafter sustained a second concussion, which resulted in more prolonged
deficits in NAA/Cr ratios with delayed recovery at 45 days (Vagnozzi et al.,
2008). The length of time it takes to recover from the metabolic alterations
following a concussion appears to correspond to the duration of adult cere-
bral vulnerability. Similar metabolic and structural changes have been docu-
mented in small groups of concussed athletes who showed no significant
changes in neuropsychological test scores (see Henry et al., 2010, 2011).

RISK FACTORS FOR CONCUSSION IN THE DEVELOPING BRAIN

The concussion literature has identified several factors that appear to
modify an individual’s risk of sustaining a concussion. In this section, the
risk factors for concussion as they pertain to the developing brain, includ-
ing sex, age, genetics, and history of prior concussions, are addressed. A
discussion of factors that influence concussion outcomes and recovery ap-
pears in Chapter 4.

Sex

As discussed in Chapter 1, data from sports played by both males and
females show higher reported rates of concussions for females. Cross-sex
comparisons of the mechanics of concussion have included heading in soc-
cer, which is one of the few sports in which the rules, protective equipment,
and playing style are similar for the two sexes. Tierney and colleagues
(2005, 2008) found that female soccer players exhibited greater head-neck
segment peak acceleration and angular displacement than males did when
exposed to a similar force. Reduced neck musculature and larger ball-to-
head size ratios in females relative to males may explain this difference, but
the literature is not clear on the influence of cervical muscle strength on
kinematic measures such as head acceleration (Garces et al., 2002; Mansell
et al., 2005; Queen et al., 2003; Schneider and Zernicke, 1988; Tierney et
al., 2008). The data from the soccer studies were collected under controlled
loading conditions such that the force applied to male and female partici-
pants was equivalent. In order to translate these laboratory-based data to
the playing field, one must take into account that males and females may
experience different loading conditions while playing sports. For example,
two studies in which head acceleration data were collected under normal
play conditions in ice hockey and boxing demonstrated that males expe-
rienced greater accelerations on average than did females (Brainard et al.,
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2012; Stojsih et al., 2010). Furthermore, from a mechanics perspective,
although player-to-player contact appears to be a primary mechanism for
sustaining a concussion overall, player contact is responsible for a major
proportion of concussions in male athletes (65 to 81 percent), while contact
with the playing surface or the ball is a more common cause of concus-
sions in female athletes (Dick, 2009). However, no details exist concerning
whether impacts with the playing surface impart more energy to the female
head than do impacts with other players. Further research on the biome-
chanics of concussions in male and female athletes is warranted, especially
in sports in which males and females have similar rules, equipment, and
environment. It is important that comparisons across the sexes be made in
circumstances with similar loading environments. Finally, some of the dif-
ference in concussion rates between males and females may be explained
by a lower rate of reporting of concussion symptoms by male athletes
(Daneshvar et al., 2011; Granite and Carroll, 2002; Harmon et al., 2013),
although there is no definitive evidence that this is the case.

Age

There is currently a lack of data to determine whether there are varia-
tions in concussion rates across the pediatric age spectrum. Most studies
comparing concussion incidence in high school and collegiate athletes have
focused on football, with less attention being given to other sports, includ-
ing those played by females (Gessel et al., 2007). Few studies of sports-
related concussions have focused on pre-high-school-age youth. Immaturity
of the developing CNS, a larger head-to-body ratio, thinner cranial bones,
reduced development of neck and shoulder musculature, a larger subarach-
noid space in which the brain can move, and differences in cerebral blood
volume have been proposed as possible sources of increased susceptibility
to concussions for youth relative to adults (Karlin, 2011; Meehan et al.,
2011). In addition, it has been speculated that the gains in weight and
mass that occur during the adolescent growth spurt may increase force and
momentum during collisions without corollary increases in neck strength
(Buzzini and Guskiewicz, 2006; Karlin, 2011). Incomplete myelination of
the brain tissue may put the developing brain at greater risk for shear injury
(Cook et al., 2006; Kieslich et al., 2002; Ommaya et al., 2002). Relative
to adults, children demonstrate more widespread and prolonged cerebral
swelling and increased metabolic sensitivities following a head injury, and
these physiological changes may result in more apparent (i.e., more severe
and persistent) symptoms (Biagas et al., 1996; Field et al., 2003; Giza and
Hovda, 2001; Karlin et al., 2011; Reddy et al., 2008).

Copyright © National Academy of Sciences. All rights reserved.



Sports-Related Concussions in Youth: Improving the Science, Changing the Culture

82 SPORTS-RELATED CONCUSSIONS IN YOUTH

Genetics

There has been little research done on how genetic factors influence
susceptibility to concussion. In a retrospective survey of collegiate male
football players (n=163) and female soccer players (n=33), those with
three alleles (E2, E4, and promoter) of the apolipoprotein E (APOE) gene
(four participants) were nearly 10 times more likely to self-report that
they had experienced a concussion in the past than were individuals who
did not carry these alleles. Furthermore, athletes possessing the promoter
allele (nine participants) were 8.4 times more likely to report a history of
multiple concussions (Tierney et al., 2010). An earlier retrospective study
of intercollegiate football and soccer players (n=195) showed that those
with the APOE promoter genotype were nearly three times as likely to
have a history of concussion, after adjusting for age, sport, school, and
years in their primary sport (Terrell et al., 2008). On the other hand, a
few prospective studies of high school and collegiate athletes found no
significant differences in the frequency of concussions between individuals
with or without the APOE or tau genotype, although these studies were
limited by relatively small sample sizes (Kristman et al., 2008; Terrell et
al., 2012, 2013). Genetic studies beyond APOE are lacking. Prospective
research with larger samples sizes that control for athletic exposure, prior
concussion history, and other predisposing factors may help to clarify the
role that genetics play in risk for and recovery from concussions in youth
populations (Harmon et al., 2013).

History of Prior Concussion

A history of previous concussions is a relatively well-established predic-
tor of increased risk for future concussions. (See Chapter 5 for a more com-
plete discussion of multiple concussions.) Studies of high school and college
athletes suggest that, compared with those who have never had a concus-
sion, individuals with a history of prior concussion are 2 to 5.8 times more
likely to sustain a (subsequent) concussion (Collins et al., 2002; Guskiewicz
et al., 2000, 2003; Harmon et al., 2013; Hollis et al., 2009; Schulz et al.,
2004; Zemper, 2003). It is not known the extent to which the increased risk
is due to changes in the brain after an initial concussion that may make it
more vulnerable to future impacts as opposed to factors (e.g., playing style,
position, musculature) that might make an individual more susceptible to
concussion in general. A prospective study of 2,905 college football players
found a dose-response relationship between number of self-reported previ-
ous concussions and incident concussions after controlling for division of
play, playing position, years of participation in organized football, academic
year in school, and body mass index (Guskiewicz et al., 2003). Brain injury
models indicate that brain function may be altered for several days to weeks
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after brain injury, including concussion. Additional research is needed to
elucidate how physiological factors, including enduring changes in the brain
that may occur after an individual appears to have clinically recovered from
a concussion, may influence future concussion risk.

FINDINGS

The committee offers the following findings on the neuroscience, bio-
mechanics, and risks of concussion in the developing brain:

e There are normal changes in brain structure, blood flow, and me-
tabolism that occur with brain development that may influence
susceptibility to and prognosis following concussions in youth.

e Research primarily involving animals and individuals with more
severe head injury has provided a limited framework for under-
standing the neuroscience of concussion. This research indicates
that there are a series of molecular and functional changes that take
place in the brain following head injury, some of which may serve
as important biomarkers for the pathophysiology of concussion.
However, little research has been conducted specifically on changes
in the brain following concussions in youth or has attempted to
evaluate the differences in such changes between female and male
youth. Research using newer noninvasive imaging techniques in the
first hours and days following injury may help to improve under-
standing of the neurobiology of concussion.

e Existing studies of head injury biomechanics have limited applica-
bility to youth and thus are inadequate to define the direction- and
age-related thresholds for linear and rotational acceleration specifi-
cally associated with concussions in youth.

e Available data indicate that female youth athletes and youth with
a history of prior concussion have higher rates of reported sports-
related concussions. The extent to which these findings are due to
physiological, biomechanical, and other factors (e.g., possible dif-
ferences between males and females in the reporting of concussion
symptoms or player aggressiveness) is not yet well understood.

e  While it has been suggested that physiological and biomechanical
risks for concussion may differ between younger children and older
youth and adults, there is currently a lack of epidemiologic data
from a variety of sports to calculate and compare rates of sports-
related concussions across the age spectrum.

e The findings of studies examining associations between genetic
variation and risk for concussion have been mixed and are limited
by small sample sizes.
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Concussion Recognition, Diagnosis,
and Acute Management

One of the first challenges in responding to sports-related concussions
is to recognize that a player may have sustained a concussion and therefore
should be removed from the activity for further evaluation. As discussed in
Chapter 1, although previous generations of athletes were encouraged to
“shake it off” and return to play, current guidelines (Halstead et al., 2010;
Harmon et al., 2013; McCrory et al., 2013b) and most state laws (NCSL,
2013) require athletes to be removed from competition or practice if a
concussion is suspected so that a more formal evaluation can be completed.
In this chapter, the committee responds to the portions of its charge con-
cerning cognitive, affective, and behavioral changes that can occur during
the acute phase of concussion; hospital- and non-hospital-based diagnostic
tools; and the treatment and management of sports concussion. The chap-
ter provides an overview of concussion screening and diagnosis, including
sideline assessments at the time of injury, subsequent clinical evaluation,
and the use of evaluation tools such as symptom checklists, and neuro-
psychological testing. The chapter also reviews the signs and symptoms of
concussions and various considerations pertaining to the acute management
of concussion, including the reintegration of concussed individuals into
academic and athletic activities.

SIDELINE ASSESSMENT

The assessment of an injured player is facilitated by the presence of a
certified athletic trainer, team physician, or other health care provider at
the venue (e.g., field, gymnasium, or rink) where the injury occurred. How-
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ever, the vast majority of young athletes practice and play in circumstances
where trained personnel are not routinely available to make sideline injury
assessments, and the responsibility for determining whether to remove an
athlete from play falls on coaches, parents, players, and, perhaps, officials.
A further impediment to identification is that symptoms may not become
apparent for several hours after injury, and one result of this is that a large
number of concussions are not identified until 24 hours or more after the in-
jury (Duhaime et al., 2012; McCrory et al., 2013b). The Centers for Disease
Control and Prevention (CDC) Heads Up campaign is designed to educate
coaches, parents, and athletes about the prevention and recognition of and
response to concussions (CDC, 2012a). A central feature of the campaign is
the dissemination of information about the signs and symptoms of concus-
sion (see Table 3-1) along with the message that players suspected of having
sustained a concussion should be removed from play for the remainder of
the day, referred to a health care provider for evaluation, and not permit-
ted to return to play until they have been cleared by a health professional
trained in concussion diagnosis and management (CDC, 2012a).

The sideline evaluation of a player’s symptoms may be complicated
by the tendency of athletes to underreport their symptoms (Anderson et
al., 2013; Dziemianowicz et al., 2012; McCrea et al., 2004). A 2004 study

TABLE 3-1 Signs and Symptoms of Concussions Relevant to Sideline
Assessment

Signs Observed Symptoms Reported by Athlete

e Appears dazed or stunned (such as glassy eyes) ® Headache or “pressure” in head
e Is confused about assignment or position Nausea or vomiting
Forgets an instruction or play Balance problems or dizziness

e Is unsure of score or opponent e Double or blurry vision

e Moves clumsily or has poor balance e Sensitivity to light or noise

e Answers questions slowly e Feeling sluggish, hazy, foggy, or

e Loses consciousness (even briefly) groggy

e Shows mood, behavior, or personality changes ¢ Concentration or memory problems

e Cannot recall events prior to hit or fall e Confusion

e Cannot recall events after hit or fall e Feeling more emotional, nervous,
or anxious

e Does not “feel right” or is “feeling

down”

SOURCE: Based on CDC, 2012b.
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of high school football players found that 41 percent of subjects reported
not wanting to leave the game as their reason for not reporting a possible
concussion, and 66 percent said they did not report their symptoms because
they did not think their injury was serious enough to warrant medical at-
tention (McCrea et al., 2004)." In a 2012 survey of high school football
players, a majority indicated that it was “okay” to play with a concus-
sion and said that they would “play through any injury to win a game,”
despite being knowledgeable about the symptoms and dangers of concus-
sions (Anderson et al., 2013; see also Coyne, 2013; Kroshus et al., 2013;
Register-Mihalik et al., 2013a,c; Torres et al., 2013). In addition, concus-
sion signs and symptoms may develop and evolve over time, particularly
within the first hours following injury (Duhaime et al., 2012; McCrory et
al., 2013b). The mantra for laypersons faced with a potentially concussed
athlete is “when in doubt, sit them out”: If a player has received “a bump,
blow, or jolt to the head or body” and exhibits or reports one or more
of the signs or symptoms of concussion, the player may have sustained a
concussion (CDC, 2012a).

Appropriately trained personnel have a number of tools available for
use in the initial assessment of an individual for a possible concussion (see,
e.g., Table 3-2; Appendix C). The Standardized Assessment of Concussion
(SAC) and the Sport Concussion Assessment Tool (SCAT) 3 or Child SCAT3
were developed for the sideline evaluation of potentially concussed athletes.
The Military Acute Concussion Evaluation (MACE) is a screening tool used
to assess service members involved in a potentially concussive event. Such
tools as well as balance tests (see Table 3-2) may be used either by trained
responders as part of an acute sideline or in-field assessment or by health
care providers during subsequent clinical evaluation. It is important to
note, however, that because of the natural evolution of concussions, not all
concussed athletes will be identified at the time of (presumed) injury even
when personnel trained in concussion recognition are present (McCrory
et al., 2013b). Duhaime and colleagues (2012) found that 50 percent of a
sample of collegiate athletes who sustained a diagnosed concussion (with
athletic trainers present for all games and practices) did not experience an
“immediate or near immediate” onset of symptoms.

IThe reasons for athletes not reporting concussion were not mutually exclusive. The subjects
were asked to select all that applied.
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TABLE 3-2 Sideline Concussion Screening Tools

Test

Function Assessed

Baseline Needed

Glasgow Coma Scale (GCS)
(Teasdale and Jennett, 1974)

Standardized Assessment of
Concussion (SAC)

(McCrea, 2001; McCrea et al.,
1998, 2000)

Sport Concussion Assessment
Tool (SCAT) 3 and Child
SCAT3

(McCrory et al., 2013a,¢)

Military Acute Concussion
Evaluation (MACE)
(DVBIC, 2012)

Balance Error Scoring System
(BESS)
(Riemann et al., 1999)

Sensory Organization Test
(SOT)
(Neurocom, 2013)

King-Devick Test
(Galetta et al., 2011)

Clinical reaction time (RT ;)
(Eckner et al., 2010, 2013)

Degree of brain impairment

Memory and attention
processes

Compilation of: GCS, SAC,
BESS, symptom checklist, and
neck evaluation

Compilation of event history,
symptom checklist, modified
SAC, neurological screening

Central integration of
vestibular, visual, and
somatosensory information
Central integration of
vestibular, visual, and

somatosensory information

Saccadic eye movements

Reaction time

No

Recommended

Recommended

Normative data

available but baseline
recommended

Recommended

Yes

CLINICAL EVALUATION

Concussion Diagnosis

Given the absence of a diagnostic test or biomarker for concussion, the
current cornerstone of concussion diagnosis is confirming the presence of
a constellation of signs and symptoms after an individual has experienced
a hit to the head or body. Symptoms are self-reported by the athlete, often
using a symptom scale. Reliance on an athlete’s self-report of symptoms as
a fundamental part of diagnosing a concussion is complicated by the sub-
jective nature of the assessment and by the possibility of an athlete under-
reporting the symptoms (Anderson et al., 2013; Dziemianowicz et al., 2012;
McCrea et al., 2004). Using multiple evaluation tools, such as symptom
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scales and checklists, balance testing, and neurocognitive assessments, may
increase the sensitivity and specificity of concussion identification (Broglio
et al., 2007b; Guskiewicz and Register-Mihalik, 2011; Harmon et al., 2013;
Register-Mihalik et al., 2013b), and this is the current preferred method of
diagnosing a concussion, although existing evidence is insufficient to deter-
mine the best combination of measures (Giza et al., 2013).

Traditional neuroimaging techniques, such as standard computed to-
mography (CT) and magnetic resonance imaging (MRI) (see Box 3-1), are

BOX 3-1
Imaging Techniques

A number of imaging techniques have evolved for measuring the structure,
function, and connectivity of the developing human brain in vivo. The most com-
monly used techniques, which are briefly described below, vary in invasiveness
(i.e., requirement of radioactive isotope, intravenous injection, or concentrated
radiation).

Computed Tomography (CT) uses focused X-rays together with computer imaging
technology to make three-dimensional pictures of the head and can detect skull
fracture, hemorrhage, and swelling.

Diffusion tensor imaging (DTI) noninvasively measures axonal microstructure
based on diffusion of water molecules that are impeded by the orientation, my-
elination, and regularity of fibers. The most common measures include water
diffusion (mean diffusivity) and the directionality and strength of the diffusion
(fractional anisotropy).

Functional magnetic resonance imaging (fMRI) noninvasively measures changes
in blood oxygenation in the brain that are assumed to reflect changes in neural
activity. Activity is measured either while the individual is performing a task (task-
based fMRI) to link brain activity with cognitive performance or while at rest (rest-
ing state fMRI) to examine synchronous activity across brain regions.

Magnetic resonance imaging (MRI) uses a magnetic field and pulses of radio
wave energy to perturb water molecules in the brain to generate images of differ-
ent types of brain tissue. This noninvasive technique is used to measure regional
and whole brain volume and to identify brain lesions and bleeds.

Magnetic resonance spectroscopy (MRS) uses signals from water molecules to
measure concentrations of metabolites noninvasively.

Single-photon emission computed (SPECT) and positron emission tomography
(PET) measure cerebral metabolism and blood flow using intravenous injections
of radioactive isotopes to construct pictures of functional processes of the brain,
including glucose metabolism and blood flow.
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used to rule out more severe head and brain injuries, such as skull frac-
tures and intracranial hemorrhages, as well as cerebral swelling that would
require surgical intervention (Giza et al., 2013; McCrory et al., 2013b;
Suskauer and Huisman, 2009). Because of its accessibility in the emer-
gency room, CT is the most commonly used imaging technique for clinical
assessment of head trauma (Belanger et al., 2007; Toledo et al., 2012). CT
exposes the individual to radiation, which is an important consideration
when evaluating youth. The American Academy of Neurology has recently
recommended that CT not be used to evaluate suspected sports-related
concussion in the absence of signs or symptoms of more serious traumatic
brain injury (TBI) (Giza et al., 2013). Although MRIs avoid the use of
ionizing radiation, instead using a magnetic field and pulses of radio wave
energy to image different types of brain and body tissue, they too are of
little diagnostic value for concussions per se, because structural imaging
results are normal in concussions that are uncomplicated by skull fracture
or hematoma.

Newer imaging techniques (see Box 3-1), such as magnetic resonance
spectroscopy, positron emission tomography, single-photon emission com-
puted tomography, functional magnetic resonance imaging, and diffusion
tensor imaging—which all can be used to track metabolic, blood flow, and
axonal changes—build on animal work and clinical outcome measures in
mild traumatic brain injury (mTBI). Although such techniques may be use-
ful in the future for assessing sports-related concussions, at present they
have not been validated for clinical use (Cubon et al., 2011; DiFiori and
Giza, 2010; Jantzen et al., 2004; Koerte et al., 2012; Lovell et al., 2007;
Vagnozzi et al., 2010; Virji-Babul et al., 2013).

Signs and Symptoms

The signs and symptoms of concussion reported within 1 to 7 days post
injury (see Table 3-3) typically fall into four categories—physical (somatic),
cognitive, emotional (affective), and sleep—and patients will experience one
or more symptoms from one or more categories. A study of high school ath-
letes found that female athletes reported more somatic symptoms (drowsi-
ness and sensitivity to noise) while their male counterparts reported more
cognitive symptoms (amnesia and confusion/disorientation), although the
number of symptoms reported did not differ by sex (Frommer et al., 2011).
Kontos and colleagues (2012) have reported a revised factor structure—
cognitive-migraine-fatigue, affective, somatic, and sleep. In their study, high
school athletes reported lower levels of the sleep symptom factor than did
college athletes, and female athletes reported higher levels of the affective
symptom factor than did their male counterparts. There were no age or sex
differences for the other factors, and the interaction between age and sex
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TABLE 3-3 Concussion Symptoms by Category

Somatic Cognitive Emotional Sleep
e Headache e Difficulty thinking e Irritability e Sleeping more
e Fuzzy or blurry clearly e Sadness than usual
vision e Feeling slowed e Feeling more e Sleeping less
e Dizziness down emotional than usual
e Fatigue e Difficulty e Nervousness or e Trouble falling
e Drowsiness concentrating anxiety asleep
e Sensitivity to light e Difficulty
e Sensitivity to remembering new
noise information

Balance problems
e Nausea or
vomiting (early
on)

SOURCE: CDC, 2013.

was not significant (Kontos et al., 2012). It should be noted that the symp-
toms reported differently by males and females in the Frommer study fell
within a single factor in the structure presented by Kontos and colleagues.

Clinical Assessment

Because concussions can affect several aspects of brain function, a
battery of tests is needed to assess and monitor a concussion. Relying on
any one type of test for the ongoing monitoring of a concussed athlete and
for making the decision to clear the athlete for activity risks an incomplete
picture because the functions covered by each test recover at different
rates (Ellemberg et al., 2009; Guskiewicz, 2011; Guskiewicz and Register-
Mihalik, 2011).

A comprehensive concussion assessment includes symptom scores, ob-
jective measures of postural stability (Hunt et al., 2009), and cognitive
testing as is often done with neuropsychological testing. Broglio and col-
leagues (2007b) found that a complete battery of tests, including assessment
of neurocognitive functioning, self-reported symptom assessments, and
postural control evaluation, was more sensitive to concussions than was
each test individually. The sensitivity of the complete battery ranged from
89 to 96 percent, with the tests detecting no impairment in the other 4 to
11 percent of athletes diagnosed with concussion.

Register-Mihalik and colleagues (2013b) used a healthy sample of
college football players to establish reliable change confidence intervals
for common clinical concussion measures and applied the reliable change
parameters to a sample of concussed players examined before and after
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injury. Outcome measures included symptom severity scores, Automated
Neuropsychological Assessment Metrics (ANAM) computerized neuro-
psychological battery throughput scores, and SOT composite scores. Con-
cussed athletes (n=132) were assessed within 5 days of injury. Based on the
percentage of athletes with reliable change scores below or above various
confidence interval cutoffs (80 percent, 90 percent, 95 percent), they calcu-
lated sensitivity and specificity based on the percent of cases that declined
by more than the reliable change metric. At all three confidence intervals,
individual tests and total battery scores exceeded 90 percent specificity, indi-
cating that when there was either no change or an improvement, it was pre-
dictive of the athlete not having a concussion. On the other hand, a decline
in the scores was not predictive of having a concussion. Although having
at least one score decline across the entire battery improved sensitivity, the
sensitivity was still at 50 percent. The authors emphasize the importance
of using a total battery in the assessment of concussion. In this particular
battery, score declines did not predict concussions any better than chance.

Symptom Assessment

An athlete who has had a concussion often will complete a post-
concussion symptom scale at each visit with his or her health care provider.
These self-reports of symptoms not only provide information pertinent to
concussion diagnosis but also serve as the foundation of monitoring recov-
ery and decision making about the individual’s return to school and physi-
cal activity. A variety of symptom checklists are available and are usually
completed by the athlete with each symptom graded using a Likert scale
(e.g., 0 is “not experiencing” and 6 is “most severe”), although a few use
a “yes/no” classification (Valovich McLeod and Leach, 2012). The variety
and psychometric properties of several commonly used symptom scales and
checklists are discussed later in the chapter (see also Appendix C).

Balance Testing

The dizziness and balance disturbances reported following an impact
to the head or body may result from disruption of the central integration of
vestibular, visual, and somatosensory information. Postural instability has
been seen in patients following mild, moderate, and severe TBI (Geurts et
al., 1996), while Guskiewicz (2001) found balance disturbances in college
athletes within 2 days following a concussion. Other researchers have cor-
roborated these results, and the equilibrium of the athlete is now objectively
tested as a part of an acute concussion evaluation (Cavanaugh et al., 2005;
Covassin et al., 2012a; McCrea et al., 2003; Register-Mihalik et al., 2008)
carried out using a tool such as the BESS or SOT, described in Appendix C.
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Neuropsychological Testing

Neuropsychological testing has become commonplace in the evalua-
tion of concussed athletes. Traditionally neuropsychological tests have not
been used to make diagnoses but rather to characterize cognitive function,
testing memory, speed, and processing time. Although neuropsychological
tests are able to detect cognitive changes in injured athletes, these tests are
also sensitive to state effects which might include the symptoms associated
with the injury (Fazio et al., 2007). A study by Van Kampen and colleagues
(2006) demonstrated that neuropsychological testing improves diagnostic
accuracy, particularly in ruling out a concussion if the test results are nor-
mal or typical relative to an appropriate individual or group norm (base-
line). However, questions have been raised about whether the presence of
ongoing cognitive deficits in the absence of symptoms actually predicts any
risk for youth in terms of recurrent injury or long-term functional deficits
or, conversely, whether the resolution of cognitive deficits on neuropsycho-
logical testing is helpful in predicting when it is safe for an athlete to return
to full physical activity (Kirkwood et al., 2009). A full discussion of the
use of neuropsychological testing in concussion diagnosis and management
appears later in the chapter.

Electroencephalography

The electroencephalogram (EEG) provides a reading of the electrical
activity on the scalp, which originates within the neurons (gray matter) that
make up the surface of the brain. Quantitative EEG (QEEG) techniques
record this EEG activity from large arrays of electrodes on the scalp and
are effective in detecting changes in brain electrical processing following
concussion (Gosselin et al., 2009) as well as after behavior deficits have
disappeared (McCrea et al., 2010; Prichep et al., 2013). McCrea and col-
leagues (2010) compared performance and QEEG measures on 28 high
school and college athletes who experienced sports-related concussions
with those recorded from 28 matched, uninjured controls. All underwent
pre-season baseline testing on QEEG measures as well as on measures of
concussive symptoms, postural stability, and cognitive functioning. Con-
trols were matched to injured players based on their baseline tests. Clinical
testing and QEEG were performed on the day of injury and were repeated
8 days and 45 days after injury. Although both groups performed identi-
cally prior to injury, after injury the concussion group differed significantly
from controls, exhibiting more severe levels of post-concussion behavior
symptoms through day 3. Importantly, QEEG measures continued to show
increasingly larger differences through day 8 even though no behavioral
differences occurred after day 3, suggesting that abnormalities in brain
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function continued to increase for at least a week following injury, despite
the absence of behavior impairments. Barr and colleagues (2012) reported
similar results through 45 days post injury. QEEG was also much more
effective in predicting when concussed athletes would be ready to return
to play. Prichep and colleagues (2013) used a QEEG discriminant function
algorithm based on frontal electrode sites to create a TBI Index of brain
function that discriminated between those with mild (n=51) and those with
moderate concussions (n=14) at 8 days and 45 days post injury. Only the
QEEG index predicted return to play before 14 days post injury versus
after 14 days post injury. Accuracy was 80 percent in both cases. Such re-
sults suggest that QEEG techniques could provide a more effective means
to identify athletes with impairments following concussion and to predict
when they might more safely return to play.

The event-related potential (ERP) is a portion of the continuous EEG
signal, but it differs from the EEG in that the ERP is time-locked to the
onset of a discrete stimulus. Upon onset, the EEG desynchronizes and pro-
duces an electrical waveform composed of a series of positive and negative
voltage fluctuations that can differ in their amplitude (in pV, or millionths
of a volt) and latency (in milliseconds). Under most conditions, the ERP
continues for approximately 500 to 1,200 milliseconds before it returns to
the baseline EEG signal (Molfese et al., 2001). Researchers report numer-
ous instances in which information obtained using ERPs converges with
functional findings from fMRI, magnetoencephalography, near-infrared and
PET techniques. The advantage of the ERP measure over most other imag-
ing techniques is that it provides very rapid temporal information about the
order in which different neural and cognitive processes occur. As Broglio
and colleagues (2011) note, this tool has been successful in identifying
relationships between brain-behavior measures in concussed versus non-
concussed athletes. The most studied of the ERP components is the P300
or P3b component. Baillargeon and colleagues (2012) reported that this
component is reliably smaller in children, adolescents, and adults who have
experienced a concussion than in individuals who do not have a concussion.
Importantly, as in the case of QEEG, ERP studies show that such differ-
ences may continue even after other indications of concussive injury—such
as behavior tests and somatic complaints—suggest recovery, indicating that
persistent abnormalities in the P3b could reflect suboptimal compensation
in concussed athletes. Thériault and colleagues (2009) suggest that if such
effects persist, they may indicate that a concussed athlete is at increased
risk for future concussions. Subsequent concussions also appear to alter
brain responses. Thériault and colleagues (2011) identified impairments of
working memory storage capacity that correlated with athletes’ history of
concussions. Gosselin and colleagues (2012a) also recorded visual ERPs
during a working memory task from 44 patients identified as having mTBI
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(7 to 8 months post injury) and 40 control volunteers matched for age (19
to 41 years of age) and sex. They reported that the smaller amplitude ERPs
correlated with slower reaction times and poorer working memory. Impor-
tantly, results did not differ for the type of injury (e.g., sports concussion
versus motor vehicle).

There is some consensus in the literature that both QEEG and ERP
procedures can detect differences in performance and neural responses in
concussed versus non-concussed student athletes in high school and college
even when behavior measures fail to do so. However, these findings are
true for a relatively small set of tasks that assess a limited array of cogni-
tive abilities. Use of a broader range of tasks that measure different aspects
of cognitive processes is necessary to provide a comprehensive view of
behaviors most likely affected and those more likely spared by concussion.

Serum Biomarkers

After a brain injury, proteins may leak from damaged cells into the
cerebrospinal fluid, then cross the blood-brain barrier to enter into the
bloodstream. Although research on serum brain biomarkers in adults with
severe TBI dates back to the 1970s, research on serum biomarkers for
milder TBI and in children has emerged in the last 15 years, and the lit-
erature on biomarkers for mTBI or concussion in the pediatric population
is very limited (Berger and Zuckerbraun, 2012). Potential roles for serum
biomarkers in the diagnosis and management of sports-related head injury
include (1) distinguishing individuals with a concussion from those with
non-concussion head injury; (2) identifying individuals who may have a
skull fracture or more severe intracranial injury (e.g., intracranial hemor-
rhage, cerebral swelling); and (3) identifying those individuals who may be
at risk for a prolonged recovery (Berger and Zuckerbraun, 2012). Three
biomarkers in particular have emerged from the mTBI literature: S100B,
neuron-specific enolase (NSE), and cleaved tau protein (CTP) (Berger and
Zuckerbraun, 2012; Finnoff et al., 2011).

S100B is a protein that is found in the brain and also in cartilage and
skin. It originates in the glial cells, and plays a role in neuronal prolifera-
tion, differentiation, regeneration, and apoptosis (Geyer et al., 2009). Geyer
and colleagues (2009) examined S100B levels in 148 children ages 6 months
to 15 years of age with either head injury alone or head injury accompanied
by symptoms of mTBI. They found that S100B did not readily discriminate
between the two groups. Other studies have found elevated S100B levels
in uninjured adult marathon runners, adult ice hockey players, adult box-
ers, and adult basketball players, which suggests that S100B is increased
by extracranial release due to exercise (Hasselblatt et al., 2004; Otto et al.,
2000; Stalnacke et al., 2003), which may limit its usefulness as a biomarker
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for identifying sports-related concussion. In addition, the normal level of
S100B varies with age and is particularly high in children under 2 years
of age, indicating the need for age-specific normative values. S100B also
has a short half-life, so the time a blood sample is obtained after injury is
important (Berger and Zuckerbraun, 2012). All of these factors can lead to
inadequate and confusing results, which limit the current utility of serum
biomarkers (Filippidis et al., 2010).

S100B may have a role in the identification of individuals who require
further assessment (e.g., neuroimaging) for intracranial injury. Adult studies
have shown that S100B may be useful for identifying individuals with head
injury who do not have intracranial injury thereby preventing unnecessary
imaging procedures (Berger and Zuckerbraun, 2012). Castellani and col-
leagues (2009) studied 109 children and adolescents (0 to 18 years of age)
diagnosed with mTBI who underwent CT. They found that normal S100B
levels predicted the absence of intracranial injury and skull fracture with
100 percent accuracy. Another study of 152 children under 18 years of age
with closed head trauma found higher levels of S100B in children with in-
tracranial injury than in those without (Bechtel et al., 2009). However, the
study included some patients with more severe TBI and was not designed
to maximize sensitivity; the study demonstrated only a 90 percent negative
predictive value for intracranial injury (Berger and Zuckerbraun, 2012).

NSE is found in neuron cytoplasm as well as in smooth muscle cells,
adipose cells, red blood cells, and platelets. Because of the presence of
NSE in red blood cells and platelets, hemolysis of blood samples, which
is common in pediatric samples, may lead to false positive results when
using NSE levels to evaluate mTBI (Berger and Zuckerbraun, 2012). The
previously mentioned study by Geyer and colleagues (2009) showed that
NSE was insensitive for distinguishing children and adolescents with head
injury and symptoms of mTBI from those with head injury only. A study
of 50 children and adolescents 0 to 18 years of age with blunt head trauma
(not all mTBI) found that NSE levels in the acute phase following injury
were neither sensitive nor specific for detecting the presence of intracranial
injury; nearly 25 percent of patients identified with intracranial injury fol-
lowing CT scans would have been missed (Fridriksson et al., 2000). The
study did not report the negative predictive value of a normal NSE level
(Berger and Zuckerbraun, 2012).

Several pediatric TBI studies suggest that high levels of NSE and
S100B and myelin-basic protein may be associated with poorer outcome
(Bandyopadhyay et al., 2005; Beers et al., 2007; Berger et al., 2007), but
none was limited to patients with mTBI (Berger and Zuckerbraun, 2012).
CTP is a microtubule-associated protein in axons. No studies were found
that looked at CTP use in pediatric concussions, but studies showed that
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CTP had no diagnostic or prognostic value with adult mTBI (Bazarian et
al., 2006; Finnoff et al., 2011).

There is little research on the use of serum biomarkers in the diagnosis
and management of pediatric concussions. Although appropriately sensitive
and specific serum biomarkers could be of great diagnostic and prognostic
value in sports-related concussion sometime in the future, there currently
is no evidence to support their use. There is some evidence, however, to
suggest that normal levels of S100B following head injury may predict
individuals who do not have intracranial injury.

Symptom Scales and Checklists

Concussion symptom checklists survey a broad range of symptoms that
are considered to be pathognomonic of concussion. Of the approximately
20 different symptom scales commonly used to evaluate concussion, 14
are variations of 6 core scales, which include symptoms associated with
sports-related concussion, although the number of items on each scale var-
ies (Alla et al., 2009; Valovich McLeod and Leach, 2012). A 2009 review
of literature pertaining to the psychometric properties of these self-report
concussion scales and checklists found that very few of them had been
developed systematically or had published psychometric properties (Alla et
al., 2009; Valovich McLeod and Leach, 2012). The recent American Acad-
emy of Neurology guideline states that “evidence indicates it is likely that
[a symptom scale or checklist] will accurately identify concussion in athletes
involved in an event during which biomechanical forces were imparted to
the head” (Giza et al., 2013, p. 3). The guideline indicates that the sensitiv-
ity of such symptom reporting tools ranges from 64 to 89 percent and their
specificity ranges from 91 to 100 percent (Giza et al., 2013).

A 20009 literature review of symptom scales used in the pediatric, ado-
lescent, and young adult populations (ages 5 to 22 years) identified one
research-based scale and four scales that were in clinical use; psychometric
evidence for the scales was assessed for younger children (5 to 12 years)
and for adolescents and young adults (13 to 22 years) (Gioia et al., 2009).3
The psychometric evidence relating to symptom scales is stronger for ado-

2The core scales are the Pittsburgh Steelers Post-Concussion scale (17 items), Post-
Concussion Symptom Assessment Questionnaire (10 items), Concussion Resolution Index
post-concussion questionnaire (15 items), Signs and Symptoms Checklist (34 items), Sport
Concussion Assessment Tool (SCAT) post-concussion symptom scale (25 items), and Concus-
sion Symptom Inventory (12 items).

3The research-based scale is the Health and Behavior Inventory; the four clinical scales
are the Post-Concussion Symptom Scale, Graded Symptom Checklist/Scale, Rivermead
Post-Concussion Symptom Questionnaire, and Post-Concussion Symptom Inventory/Acute
Concussion Evaluation (Gioia et al., 2009).
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lescents than for younger children, and there is reasonable evidence to sup-
port the validity of the scales, although data on their reliability is limited
and additional research is needed (Gioia et al., 2009). A more recent review
by Janusz and colleagues (2012) discussed the psychometric properties of
these same symptom scales as well as of the Concussion Symptom Inventory
(CSI) (Randolph et al., 2009) and the Acute Concussion Evaluation (ACE)
(Gioia et al., 2008a).

Randolph and colleagues (2009) analyzed a large set of data from three
separate projects to develop the 12-item CSI, which is the first empirically
derived symptom scale for concussion identification and short-term se-
rial use following a sports-related concussion. The CSI was shown to be
as effective as longer symptom inventories, such as the Graded Symptom
Checklist, at recognizing concussions.

TABLE 3-4 Measures of Post-Concussion Symptomatology

Instrument Age Range (years) Parent Form

Health and Behavior Inventory (HBI) 8-15 Yes
(Ayr et al., 2009)

Acute Concussion Evaluation (ACE) 3-18 Yes
(Gioia and Collins, 2006; Gioia et al., 2008a)

Concussion Symptom Inventory (CSI) High school-college No
(Randolph et al., 2009)

Graded Symptom Checklist/Scale (GSC/GSS) >13 No
(Mailer et al., 2008; Piland et al., 2006)
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The characteristics of the instruments and their psychometric properties
are discussed in Appendix C and summarized in Table 3-4.

The Health Behavior Inventory and Post-Concussion Symptom Inven-
tory (PCSI) are the only measures that are well studied in children under
the age of 12 and have the advantage of having reports from parents and,
in the case of the PCSI, teachers. Studies looking at the concordance of
symptoms reported by 8- to 15-year-old patients and their parents found
that mean symptom ratings tended to be higher for children as compared
to their parents (Ayr et al., 2009; Hajek et al., 2011). Gioia has also found
that the self-report of symptoms differs between athletes and their parents,

with parent reports demonstrating better diagnostic utility than youth self-
report (Gioia, 2013).

Description Reliability Validity

20 items, 4-point Internal consistency, Discriminates head injury

Guttman scale parent-child correlation, from orthopedic injuries;

3-factor structure no test-retest reliability correlates with quality of life,

(cognitive, somatic, family burden, educational,

emotional) and social difficulties (Yeates

(Ayr et al., 2009) et al., 2012)

22 items, 2-point Test-retest and interrater Content validity, relationship

Guttman scale reliability to other measures, group
discrimination, sensitivity to
recovery

12 items, 7-point No report Sensitivity and specificity

Guttman scale high via receiver operating

characteristics (ROCs) curve
analysis (Randolph et al.,

2009)
GSC 16 items; Internal consistency, test- Discriminates between patients
GSS 17-20 items, 7-point retest reliability who suffered blows of lower
Guttman scale and higher impact (McCaffrey
3-factor solution reported et al., 2007). Convergent
(cognitive, somatic, validity with measures of
neurobehavioral) balance, neurocognitive
(Piland et al., 2006) function, headaches (McCrea
et al., 2003; Register-Mihalik
et al., 2007)

continued
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TABLE 3-4 Continued

Instrument Age Range (years) Parent Form

Post-Concussion Symptom Scale (PCSS) >12 No
(Lovell and Collins, 1998)

Rivermead Post-Concussion Symptoms >8 No
Questionnaire (RPCSQ)
(King et al., 1995)

Post-Concussion Symptom Inventory (PCSI) 5-18 Yes, also
(Gioia et al., 2008b, 2009) version for
teachers

SOURCES: Based on Gioia et al., 2009; Janusz et al., 2012; Randolph et al., 2009.

NEUROPSYCHOLOGICAL TESTING

Introduction to Neuropsychological Testing

Neuropsychology is the study of brain-behavior relationships, that is,
the ways in which specific neural (brain) structure and activity are reflected
in cognitive and physical behavior. The terms “neuropsychological” and
“cognitive” are often used interchangeably (as in neuropsychological test-
ing, cognitive testing, and neurocognitive testing). For the purposes of this
document, the terms can be understood as equivalent.

Tests such as Trail Making, Paced Auditory Serial Attention Test, Digit
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Description

Reliability

Validity

22 items; in youth ages 13-
22, 7-point Guttman scale;
4-factor structure score
(cognitive-fatigue-migraine;
affective, somatic, and
sleep)

16 items, 5-point
Guttman scale;
no reported factor
structure

Age 5-7, 13 items, 3-point
Guttman scale

Age 8-12, 17 items,
3-point Gutmann scale
Age 13-18, 20 items,
7-point Guttman scale
Parent, 20 items, 7-point
Guttman scale; focus on
cognitive, emotional, sleep,
and physical domains

Test-retest reliability (pre-
post season, ICC=0.55; test
retest, r=0.65

In adolescents, high
internal consistency,

low test-retest reliability
(Iverson and Gaetz, 2004)

Test-retest reliability for
self-report; high interrater
reliability and internal
consistency (Schneider
and Gioia, 2007; Vaughan
et al., 2008); moderate
(r=0.4-0.5) (Gioia et

al., 2008b); agreement
between reporters in one
of two studies (Gioia et al.,
2009)

Discriminates concussed
from non-concussed athletes
(Echemendia et al., 2001;
Field et al., 2003; Iverson et
al., 2003; Lovell et al., 2006;
Schatz et al., 2006); greater
abnormalities in those with
multiple concussions (Collins
et al., 1999). Convergent
validity: correlates with
neurocognitive performance
and fMRI changes during
working memory tasks
(Collins et al., 2003b; Pardini
et al., 2010)

Discriminant validity between
concussed and non-concussed
youth (Wilde et al., 2008)

Good predictive and
discriminant validity (Diver
et al., 2007; Vaughan et al.,
2008)

Symbol Substitution, and Digit Span have long been used in documenting
cognitive deficits in TBI. The earlier neuropsychological literature on TBI
has documented several specific areas of typical deficit, with processing
speed, attention and memory typically showing the most significant deficits.
Sports concussions may have the following effects:

e Reduced planning and ability to switch mental set (Barth et al.,
1983, 1989, 2000; Rimel et al., 1982)

e Impaired memory and learning (Gronwall and Wrightson, 1981;
Guskiewicz et al., 2001; Lovell et al., 2003)
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e Reduced attention and ability to process information (Maddocks
et al., 1995)

e Slowed reaction times and increased variability in response (Collins
et al., 2003b; Makdissi et al., 2001)

Although neuropsychological testing is recognized as a powerful tool
for understanding the cognitive effects of brain injury, it has inherent limita-
tions and factors that affect the resulting scores and interpretations.

In 2001, Grindel and colleagues reviewed the existing literature on
sports concussions and commented on several important issues that needed
to be addressed by the field (Grindel et al., 2001). These included the avail-
ability of baseline testing, the validity of the test battery, problems involving
repeated testing, interpretation of the test, the costs of testing, the presence
of severe or prolonged symptoms, the presence of multiple concussions,
age, gender, and perhaps the athlete’s level of play. Many of these issues
have been addressed as newer tools and improved analyses have been pub-
lished. Baseline testing has become prevalent with the advent of Web-based
computerized tests; the validity of the tests themselves has been established,
although confounding factors such as symptom load, test administration
environment, and comorbid conditions continue to plague the field. Reli-
able change metrics have improved the problems with repeat testing, and
the effects of multiple concussions have been recognized and often used as
a covariate in group studies.

Randolph and colleagues (2005) reviewed the state of neuropsychologi-
cal testing in sports-related concussion management and concluded that the
(then) existing tests did not meet necessary standards for use. Issues of reli-
ability and validity as well as poor psychometric controls were felt to render
testing useless for this specified purpose. They opined that athletic trainers
and sports medicine professionals would do just as well using standardized
graded checklists.

In 2010, Comper and colleagues published a systematic review of the
methodological features of research in sports concussion, focusing on stud-
ies that used neuropsychological tests. They concluded that the method-
ological quality of studies were highly variable (Comper et al., 2010). In a
separate paper, they noted that no prospective studies using control groups
had been done to validate the use of neuropsychological tests (Hutchison
et al., 2011). Prospective studies with controls are difficult to complete, but
there are now some studies with control groups and within-subjects designs
that use baseline test performance and the amount of change relative to
expectation as dependent variables.

In spite of these concerns, the use of neuropsychological testing in
sports has proliferated, with ever more computerized batteries coming on
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the market, and professional, college, high school, and youth sports teams
implementing some form of testing.

Factors Affecting Neuropsychological Testing

The influence of intrinsic and extrinsic factors on neuropsychological
test performance has long been studied, and clinicians attempt to minimize
the effects of these factors by using standardized procedures and testing
environments. McCrory and colleagues (2005) listed a number of indi-
vidual factors (e.g., genetics, general cognitive level of functioning, gender,
ethnicity, mood) and methodological factors (e.g., testing environment,
practice and learning effects, administrative expertise) that may influence
test outcomes (see Figure 3-1). Other individual factors that may affect
test outcomes include learning disabilities, attention deficit hyperactivity
disorder, and color blindness. Symptom load as a state factor should also
be considered as a factor that affects test performance (McCrory et al.,
2005). Score interpretation depends on reliable administration and the
proper consideration of all of these factors, some of which are reduced with
computerized testing (McCrory et al., 2005).

Using trained test administrators and testing in appropriate environ-

Past history Psychological factors Genetic factors
Previous concussions Test anxiety Age
Other head injuries Depression/other emotional Intelligence
Educational states Sex

background Race
Previous testing Handedness
Drug use Visual acuity
Alcohol use Auditory acuity

Test
performance

Other factors
Cognitive function
Test setting/distractions

Methodological
factors
Testing situation

Motivation Practice/learning effects
Fatigue Administrator expertise
Random

variance/chance

FIGURE 3-1 Factors that impact the results of neuropsychological tests.
SOURCE: McCrory et al., 2005, p. i61. Reproduced with permission from BM]
Group Ltd.
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ments are fairly obvious requirements, but there are no data on the actual
training or testing environments that are currently in use. Group testing,
the way in which most baseline assessments are administered, appears
to systematically lower scores compared to individualized administration
(Moser et al., 2011).

Age and sex are well-known contributors to score differences in all edu-
cational and psychological tests. Test standardization requires validity stud-
ies that determine these differences and allow the presentation of separate
norms (see AERA et al., 1999). Most published tests, including Immediate
Post-Concussion Assessment and Cognitive Testing (ImPACT), CogSport,
Concussion Resolution Index (CRI), and Automated Neuropsychological
Assessment Metrics, provide age and gender normative standards or refer-
ences. Unless tests have been shown to be insensitive to gender, they are
expected to offer separate scoring parameters.

Higher academic achievement has been linked to higher computerized
neuropsychological test scores. One study looked at neuropsychological test
scores in more than 300 Division I NCAA schools. Athletes with the high-
est levels of academic achievement based on the Scholastic Aptitude Test
(SAT) had higher scores on the ANAM test battery than did those athletes
with lower SAT scores (Brown et al., 2007). Comorbid conditions such as
attention deficit hyperactivity disorder, learning disabilities (Collins et al.,
1999), and autism also may be reflected in test scores. Some medications
can also affect scores, including anti-epileptic drugs and psycho-stimulants
(see, e.g., Biederman et al., 2008).

Poor effort is somewhat more difficult to detect and control, but it is
a factor that lowers scores. This has been documented in the general TBI
literature (Green, 2007; Lange et al., 2010). A major concern in testing for
sports-related concussions is the willful lowering of baseline scores in order
to establish an easier threshold for “return to baseline” (Pennington, 2013).
The ImPACT test has embedded validity indicators to help examiners deter-
mine atypically low scores on specific subtests. However, individuals with
neurologic or developmental disorders or those who are under acute stress
may legitimately score low on these indicators; thus, individual analysis is
required before declaring a test invalid. There are also specific tests and
profiles within neuropsychological tests that are used to detect poor effort,
“malingering,” or suboptimal performance.

Hunt and colleagues (2007) found that 11 percent of their sample of
199 high school athletes exhibited poor effort as indexed by the Dot Count-
ing Test and the Rey 15-Item Test with recognition trial. Statistically signifi-
cant differences existed between effort groups (p < 0.05) on several of the
neuropsychological tests. By comparing a group with unusually low base-
line scores versus post-injury scores at 1 week to a group with high baseline
scores, Bailey and colleagues (2006) found significantly more improvement
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from baseline to post injury for athletes who reported “low motivation” on
baseline testing. The authors concluded that low motivation exists and that
it does affect test scores. However, Erdal (2012) found that it was difficult
for athletes to purposely do poorly on the InPACT test without tripping
the validity indicators embedded in the ImMPACT test. Nevertheless, the
perceived secondary gain of lowering one’s baseline test score is a concern
when using the baseline-testing paradigm. In the case of large-scale baseline
testing sessions, it is particularly difficult to know whether low scores are
due to intrinsic factors or poor motivation.

In the clinical pediatric population, sleep debt does not appear to in-
terfere with neuropsychological testing, although it is strongly implicated
in poor school performance (see Beebe, 2012, for review). Although sleep
does not appear to affect laboratory test performances, one small study
indicated that the number of hours of sleep the night before baseline testing
was related to higher non-sleep symptom scores (i.e., less sleep was related
to higher non-sleep symptom totals; see Maerlender and Alt, 2012).

Mood and anxiety have long been known to affect neuropsychologi-
cal test performance in clinical patients. Bailey and colleagues (2010) and
Maerlender and colleagues (2010) presented data demonstrating that mood
and anxiety scores on independent measures were related to specific test
score patterns on ImPACT and on a paper-and-pencil neuropsychological
battery. The Bailey study administered the Personality Assessment Inven-
tory together with the CRI and found that a significant amount of variance
in baseline scores was accounted for by mood and anxiety symptom load.
Using the symptom scale that is part of the InPACT battery, Covassin and
colleagues (2012b) found that athletes with high levels of depression re-
ported more concussion-like symptoms and had lower ImPACT test scores
on baseline tests.* The ANAM battery has validated a mood scale and
demonstrated its relationship to test scores (Johnson et al., 2008). Given
the increased use of neuropsychological testing at baseline and post injury,
it is important to understand the effect of these factors, and the potential
effect of these factors on test results highlights the need for interpretation
of the tests by experienced providers. There are several ways in which
mood and anxiety can be related to neuropsychological performance in
concussed athletes. It could be, for example, that both increased anxiety
and decreased performance are the result of the same brain injury, or that
the depression and anxiety symptoms are a response to the problems in
the cognitive performance, or that depression and anxiety have negatively
affected neurocognitive performance. Indeed, there is evidence to support

4High school athletes reported more somatic or migraine symptoms than did college athletes,
whereas college athletes reported more emotional and sleep symptoms than did their high
school counterparts.
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each of these three possibilities (Chen et al., 2007; Pardini et al., 2010).
Although most studies of athletes have used older samples and there are
no systematic studies in athletes younger than high school age, there is no
reason to believe that the state effects of anxiety, mood, or stress would be
different in a younger population.

Pain has been shown to affect cognition in some groups of patients.
A recent study by Gosselin and colleagues (2012b) compared groups of
adolescents with mTBI (n=24, 50 percent of whom had sports-related in-
juries), non-injured controls (n=16), and athletes with orthopedic injuries
(n=29). Levels of pain were the dependent measure and blood oxygen level-
dependent activation during working memory task was the outcome. While
results were somewhat complicated, the authors interpreted the results as
demonstrating that behavioral performance and cerebral function were
related to levels of pain.

The validity of neuropsychological tests for interpreting brain-behavior
relationships rests on psychometric characteristics, including reliability.
The use of the same test multiple times for tracking change or measuring
injury (i.e., baseline to post injury) is compromised by several factors, most
notably the practice effect of retaking the test. Although multiple forms
(using different specific items) can reduce this, the effect of exposure to the
procedure (directions, pacing, sequence of tasks) has a greater effect than
the likelihood of memorizing specific responses (Heilbronner et al., 2010).
To address this issue, several statistical procedures have been developed to
account for practice effects, the tendency of scores to “regress to the mean,”
and differential pre-injury test scores (for review, see Hinton-Bayre, 2012).
The American Academy of Clinical Neuropsychology has issued a position
paper that outlines these concerns and discusses the recommended statisti-
cal procedures (reliable change indices, regression-based methods) (Bauer
et al., 2012; Heilbronner et al., 2010). It recommends that such statistical
adjustments be used any time tests are used in a serial fashion.

Neuropsychological Testing and Sports-Related Concussions

Jeffrey Barth and his colleagues are generally credited with originating
the use of athletes and teams as a laboratory for studying the nature and
outcomes of concussion through sports (the Sports as a Laboratory As-
sessment Model) and the baseline pre-season testing of athletes with brief
neuropsychological batteries for later post-injury comparisons (Barth et al.,
1989; Macciocchi et al., 1996). With the growing use of neuropsychological
testing in the identification and management of sports-related concussions
has come controversy and criticism about the methods and outcomes.

This section considers the following questions concerning neuropsycho-
logical assessment in sports-related concussions:
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e Can neuropsychological testing assist in the diagnosis of sports-
related concussions in youth?

e Does neuropsychological testing have a role in tracking recovery
and informing management (e.g., return to school, return to play,
return to work)?

e Are computerized tests valid and reliable?

e Does baseline testing improve the utility of neuropsychological test-
ing in the diagnosis and management of sports-related concussion?

Can Neuropsychological Testing Assist in the Diagnosis of Sports-Related
Concussions in Youth?

In the context of sports-related concussions, an important distinction
must be made between the use of neuropsychological tests for diagnosis
and their use for tracking recovery (McCrory et al., 2005). Studies of the
ability of neuropsychological tests to provide accurate diagnoses of concus-
sion typically involve tests administered within 72 hours of the injury. They
include studies comparing group-level score changes in groups of concussed
individuals versus groups of non-concussed individuals and studies looking
at individual diagnostic accuracy. However, it should be noted that neuro-
psychological tests are traditionally not used to make diagnoses, but rather
to characterize function. So it is a useful question to ask whether these tests
can contribute to diagnosis.

An often unmentioned aspect of concussion research and practice is the
variability in identification of concussion and the still-limited knowledge of
the biological nature of concussions (i.e., the lack of biomarkers for diag-
nosis and recovery). Although studies typically rely on the identification of
concussions by athletic trainers according to generally accepted standards,
the validity of these diagnoses has never been established. In one study, 50
percent of diagnosed concussions were identified more than 24 hours after
the incident, and 30 percent of this group had no identifiable biomechanical
impacts on the day of the reported injury (based on accelerometer readings
in the helmets) (Duhaime et al., 2012). Determinations of the diagnostic
efficiency of a test will be affected by the validity of actual diagnoses. Thus
variability in this process can produce conflicting or limited results in stud-
ies of the predictive ability of any tool.

Given the relatively rapid time-course of concussions, the temporal
aspects of the injury are also significant factors in studying the phenom-
ena. Indeed, studies have shown that the closer the assessment was to
the time of injury, the more pronounced the effect of the biomechanical
force on cognition was (Beckwith et al., 2013a,b; McAllister et al., 2012).
Broglio and Puetz (2008) questioned whether comparing athletes who are
assessed at different time-points from injury likely invalidates the findings.
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As Hutchinson and colleagues (2011) found, the presence of pain can
have an effect on test scores. Controlling for diagnosis and time of testing,
baseline exposure to the tests, and other factors adds to the complexity
of studying concussions at the group and individual levels, particularly in
the immediate aftermath of the injury when symptoms are typically high.
McCrory and colleagues (2005) also questioned whether the presence of
symptoms could preclude accurate (valid) test results. Symptoms may inter-
fere in test performance through any or all attention mechanisms, reducing
arousal, orienting, focus, sustaining focus, and so on, or symptoms may
make the individual feel too bad to participate (a type of motivational ef-
fect). Unfortunately, the actual evidence is limited, as few studies directly
test the hypothesis that symptoms (either in total or individually) account
for significant variance in test scores.

As a practical matter the test scores may reflect the overall status of
the individual, but, because neuropsychological tests are designed to assess
brain function, the inclusion of symptom-related error into the test score
interferes in the psychometric accuracy of the test. In other words, poor per-
formance on a neuropsychological test because one feels bad may obscure
the test’s ability to accurately measure brain function. Studies indirectly
point to the correlation of symptoms and test scores (Collins et al., 2003a;
Fazio et al., 2007), particularly immediately after injury, when symptoms
tend to be highest. Thus, the mediating effect of symptoms on test scores
in the immediate aftermath of the injury likely reduces the predictive power
of tests alone. The evidence for diagnostic validity and utility comes from
group studies and from studies of individual probability. Group studies
have employed cross-sectional designs and within-subjects designs using
baseline or multiple test points for comparisons. Group studies have been
described in two meta-analytic studies (Belanger and Vanderploeg, 2005;
Broglio and Puetz, 2008). There was considerable overlap in the groups
of studies reviewed in the two analyses, but Broglio and Puetz were inter-
ested in the effect of using multimodal assessments, while Belanger and
Vanderploeg were focused on neuropsychological assessments only.

Group studies have generally shown that a significant proportion of
concussed athletes have neurocognitive decrements compared to controls
(or compared to baseline performances) in the initial days following the
injury, but scores are back to normal or baseline by 7 days post injury.
Belanger and Vanderploeg (2005) analyzed 21 studies from 1994 to 2004.
All had multiple assessment points using control groups tested at the same
interval. They found significant acute effects (changes in scores reflecting
worsening in the first 24 hours after injury) for most cognitive domains
(delayed memory: d=1.00; memory acquisition: d=1.03; and global cogni-
tive functioning: d=1.42). However, when analyzed across all studies, no
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group residual neuropsychological reductions were found when testing was
completed beyond 7 days post injury.

The meta-analysis of Broglio and Puetz (2008) included 39 studies from
1970 to 2006 that met their inclusion criteria: studies of concussed athletes
who were evaluated using symptom assessment, balance assessment, or
neuropsychological/cognitive assessment. One post-injury assessment had
to have been completed within 14 days of injury and compared with a base-
line measure or control group. Three types of cognitive assessments were
included: the SAC, paper-and-pencil batteries, and computerized batteries.
They found significant effects of concussion on all three types of assess-
ments immediately after injury. The type of cognitive assessment was deter-
mined to be a moderator effect, as was the time from injury to assessment.
The largest effect was for the SAC administered immediately after injury.

The usefulness of tests to diagnose a disease entity (e.g., their ability
to detect a person with disease or exclude a person without disease) is
usually described by such terms as sensitivity, specificity, positive predic-
tive value, and negative predictive value. These various measures describe
how well the tests identify people who actually have the disease (or not)
as diagnosed by some gold standard method. Sensitivity (the chance that a
person with the disease is correctly identified as having it) and specificity
(the chance that a person without the disease is correctly identified as being
free of it) are the characteristics most reported for a diagnostic test because
they reflect the characteristics of the test and not those of the group tested.
However, the users of the test are likely to be more interested in the pre-
dictive values (the chance that a person identified by the test as concussed
actually had a concussion—positive predictive value—and the chance that
a person identified as not having a concussion was actually free of a re-
cent concussion—negative predictive value). The predictive value changes
depending on what fraction of the athletes tested truly had a concussion.

Van Kampen and colleagues (2006) tested the diagnostic value of
adding neuropsychological testing to assessments of symptom load. One
hundred twenty-two athletes diagnosed with concussion and 70 without
a recent concussion were compared by looking at their post-injury symp-
toms and their INPACT test scores. Concussed athletes were tested 2 days
after injury. Ninety-three percent of athletes with a reliable increase in
symptoms actually had a concussion—a positive predictive value (PPV) of
93 percent—but 41 percent of those without a reliable increase in symptoms
also had a concussion—a negative predictive value (NPV) of 59 percent.
When ImPACT was used in the absence of symptom data, 83 percent of
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those having at least one abnormal® neurocognitive test score had a concus-
sion (PPV=83%) and 70 percent of those with no abnormal neurocognitive
scores did not have a concussion (NPV=70%). However, when criteria for
concussion classification were changed to require at least one abnormal Im-
PACT test or a reliable increase in symptoms, 81 percent of those who the
tests indicated had a concussion actually did (PPV=81%) and 83 percent of
those the tests indicated were free of concussion actually were (NPV=83%).
These predictive values are based on 64 percent (122 of 192) of the athletes
studied having a recent concussion. If the same diagnostic criteria were
used to screen every football player after every game (prevalence under 1
percent), more than 97 percent of the athletes the test identified as having
a recent concussion actually would be diagnosed in error.

Several other studies have demonstrated a strong diagnostic efficiency
for neuropsychological tests. Schatz and colleagues (2006) obtained 82
percent sensitivity and 89 percent specificity comparing ImPACT tests
scores (n=72) within 72 hours of injury to scores of non-concussed athletes
(n=66). A similar approach was used by this group analyzing InPACT data
of 81 concussed athletes and 81 controls, ages 13 to 21 (Schatz and Sandel,
2013). High sensitivity (91 percent) and adequate specificity (69 percent)
were obtained.

Summary Neuropsychological tests have the ability to detect cognitive
changes in injured athletes, although cognition as indexed by test scores
appears to improve for the vast majority of injuries within 2 weeks. There
are mixed results of the diagnostic utility of neuropsychological testing
immediately (within 48 hours) after injury, although significant differences
between concussed and non-concussed individuals are more often found
in group studies. There is general agreement that neuropsychological tests
should not be used in isolation for diagnosis; symptom levels are the best
predictor of diagnosis (i.e., concussion diagnosis is made based on symp-
tom presentation). Although the presence of symptoms can influence test
results, potentially obscuring the accurate measurement of brain function,
neuropsychological testing is one of several tools (along with symptom
assessment, clinical evaluation, and the like) that may aid in concussion di-
agnosis. It appears that high scores on neuropsychological tests, indicating
good cognitive function, are predictive of not having a concussion.

SAbnormal here means a change from baseline to post-injury score outside the 80 percent
confidence interval for reliable change: abnormal reliable change index. This does not neces-
sarily imply clinical abnormality.
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Does Neuropsychological Testing Have a Role in Tracking Recovery and
Informing Management?

Neuropsychological testing has been used extensively in the rehabilita-
tion setting to document and track cognitive recovery. In the area of sports-
related concussions, the standard as promulgated by the Zurich statement
and other consensus statements has been that recovery can be said to have
taken place when symptoms, cognition, and balance have returned to the
athlete’s baseline (or typical) performance (Halstead et al., 2010; Harmon
et al., 2013; McCrory et al., 2013b). Using that as the benchmark, studies
have generally found neuropsychological testing to be a useful aid in de-
termining when an athlete has recovered enough to return to competition.
Although the methodological rigor of the studies varies (Comper et al.,
2010), the ability of neuropsychological tests to detect subtle changes in
cognitive function is well established.

Several studies have documented persistent declines in post-injury neu-
ropsychological scores even after symptoms have resolved (Broglio et al.,
2007a; Iverson et al., 2006; Peterson et al., 2003). These studies found
improvements in cognitive scores, balance testing, and symptoms over time,
with the cognitive scores taking longer to improve than the balance and
symptom scores. Iverson and colleagues (2006) included a reliable change
methodology and demonstrated that 37 percent of the concussed athletes
continued to have at least two ImPACT composite scores significantly lower
than expected after 10 days, even though the symptoms had resolved after
5 days. A more recent study using ANAM found that several subtest scores
differentiated mild from moderate concussions on the day of injury but not
at 8 days post injury (Prichep et al., 2013).

The two meta-analyses noted above also examined the ability of neu-
ropsychological tests to measure changes in cognitive function through
recovery. Belanger and Vanderploeg (2005) found significant improvement
between days 7 and 10 for verbal memory retention scores only. Broglio
and Puetz (2008) examined how the effects of concussion were manifested
in three assessment modalities: the SAC, paper-and-pencil batteries, and
computerized batteries. They found significant effects of concussion on the
scores of all three assessment modalities immediately after injury as well
as reduced but still large effects for the cognitive assessment at 14 days
post injury interval. The type of cognitive assessment was determined to
be a moderator effect, as was the time from the injury to the assessment.
The largest effect was seen for the SAC immediately after injury, with the
paper-and-pencil batteries having significantly greater effects than the SAC
or computer batteries at 14 days.
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Summary There is a long history of neuropsychological tests being used to
track recovery from brain injury as they are thought to reflect functional
cognitive recovery. Group studies of individuals with sports-related concus-
sions have shown that neuropsychological test scores improve as the time
from injury increases. Some studies have found continued cognitive declines
on neuropsychological testing, even after individuals’ concussion symptoms
have resolved, although other studies show symptoms lasting longer than
cognitive declines. The persistence of cognitive declines following symptom
resolution in some individuals suggests there may be a role for neuropsy-
chological testing in concussion management, for example, to help inform
return-to-play decisions in these cases. Such a role for computerized neu-
ropsychological testing has been criticized, however, on the grounds that
there currently is no evidence to show that delaying an individual’s return
to full physical activity on the basis of residual neurocognitive deficits actu-
ally improves recovery outcomes or reduces the risk of subsequent injury
(Kirkwood et al., 2009; Randolph and Kirkwood, 2009).

Are Computerized Tests Valid and Reliable?

All neuropsychological tests require standardized administration and
expert interpretation of results. Assuming that these conditions are met, test
effectiveness is typically determined by several factors: Is it reliable (does it
produce consistent results each time it is administered), is it valid (do the
test scores represent the construct of interest, e.g., working memory), and
does it measure individuals with respect to the construct of interest (i.e.,
specific cognitive functions, diagnostic efficiency)? Test developers attempt
to show that their tests meet these criteria, but a fourth aspect is also
important: Does independent research obtain the same results as the test
developers’ research? Computerized test batteries are not unique to sports
neuropsychology, but it is important to examine their role in concussions
because of how extensively they are used.

A complete neuropsychological assessment of the multiple cognitive
functions of an individual can take between 4 and 8 hours (Lezak et al.,
2012). Screening tools that focus on functions typically affected by brain
injuries were developed to reduce the length of the typical neuropsychologi-
cal batteries and to focus on identifying acute cognitive dysfunction. Such
targeted batteries also made larger-scale testing feasible, which in turn cre-
ated the opportunity to implement the Sports as a Laboratory Assessment
Model (SLAM) for sports-related concussion.

Collie and colleagues (2001) raised concerns about paper-and-pencil
testing that centered on interrater reliability issues, the general lack of al-
ternative forms, and the effect of practice in repeat testing. McCrory and
colleagues (2005) noted that computerized testing offered advantages such
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as standardized and randomized presentation of stimuli, shorter administra-
tion time, central data storage, and more sensitive and accurate detection
of reaction times. Furthermore, standard paper-and-pencil tests did not
typically have normative standards developed specifically for athletes, and
computerized tests allowed for easier repeat (serial) testing to track cogni-
tive recovery. Indeed, an entire industry, with its corresponding potential
financial conflicts of interest, has developed around providing baseline
and serial post-injury testing to thousands of athletes. By 2003, the brief
paper-and-pencil test battery was becoming replaced by computerized test
batteries such as InPACT, CogSport, ANAM, and CRI (see, e.g., Cernich
et al., 2007; Collie et al., 2003; Collins et al., 2003b; Erlanger et al., 2003).

Between 1999 and 2002 there were 10 studies using paper-and-pencil
batteries and only one using computer testing; between 2003 and 2008
there were 8 studies utilizing paper-and-pencil batteries and 15 using com-
puter testing (Comper et al., 2010). Thus, in terms of research, there was a
dramatic shift in focus. The shift in research focus also appears to have been
mirrored by practice. In 2009, Covassin and colleagues reported that 95
percent of the 266 athletic trainers who participated in a survey said they
administered baseline computerized neurocognitive testing to their athletes.
However, only 51.9 percent examined the baseline test validity indices. The
researchers concluded that the athletic trainers in the study appeared to rely
more on symptoms than on neurocognitive test scores when making return-
to-play decisions (Covassin et al., 2009). When Meehan and colleagues
(2011) reviewed data from the High School RIO™ database of athletic
injuries for the 2009-2010 school year (1,056 sports-related concussions),
they found that computerized neuropsychological testing was used for 41.2
percent of concussions. Although there are concerns with the use of such
testing, it continues to represent a large portion of concussion management
activity. At this point, all of the computerized tests have some peer-reviewed
research to support their use.

Psychometric tests are judged on their reliability and validity as docu-
mented in their manuals and published studies. Reliability is usually as-
sessed as a test-retest correlation or in terms of an intraclass correlation
coefficient (ICC). A Pearson correlation can be a valid estimator of inter-
rater reliability (i.e., test-retest reliability), but only when there are mean-
ingful pairings between two and only two raters. A test of internal stability
(Chronbach’s alpha) is a test of the function of the number of test items
and the average intercorrelation among the items (see Anastasi and Urbina,
1997). These are statistical tests that provide information about the ability
of the test to maintain its performance and psychometric characteristics
over time.

Evidence to support test interpretation (validity) may come from vari-
ous forms: evidence based on test content, evidence based on response pro-
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cesses, evidence based on internal structure, evidence based on relations to
other variables, and evidence based on the consequences of testing. Estab-
lishing validity is seen as a long-term process, and no one study can make
that determination. Test development practice calls for documentation of
some form of reliability and validity (see AERA et al., 1999). All of the
major computerized tests have demonstrated some level of reliability and
validity. Other aspects of their structure may make them more suitable for
some situations than others, and practitioner preference, experience, and
knowledge are important factors. It should be noted that the Department
of Defense currently uses ANAM to assess post-concussion neurocognitive
changes in service members in all branches of the military. Table 3-5 out-
lines the basic features of several of the currently available computerized
tests.

Reliability of computerized tests The ability of a test to perform consistently
is important to having confidence in its scores. Table 3-6 lists published
reliability studies of several different computerized neuropsychological tests
used in concussion management. Several approaches to reliability can be
taken: Internal consistency can be measured using Chronbach’s alpha test
or one can examine the correlation between half of the items and the other
half (split-half reliability). Test-retest reliabilities are used to determine
consistency across test administration: a Pearson correlation or an ICC can
be calculated. The ICC has become the preferred measure as it is a type of
interrater reliability. However, there is no agreement on the minimum ICC
value that is considered “acceptable” for computerized neuropsychological
tests. Some authors find a minimum correlation of 0.60 to be acceptable
(e.g., Baumgartner and Chung, 2001; Weir, 2005), while others employ a
higher standard of 0.70 (e.g., Anastasi and Urbina, 2007) and still others
may consider 0.80 or 0.90 to be the mark of a good, reproducible auto-
mated test.

As Table 3-6 demonstrates, ICCs for different composite scores within
tests are quite variable, and low intraclass correlations are frequently found.
If there is a trend across tests, it appears to be that speeded tests have bet-
ter reliability than do tests of other functions such as memory. This may
have to do with the inherent nature of computerized tests and the manner
in which tasks must be presented in this format.

Reliability studies are quite variable, with some studies demonstrat-
ing adequate reliability and some indicating less than adequate reliability.
There are many possible reasons for the variability, including different
sample sizes, unknown testing conditions, and variable item pools. Most
computerized tests produce multiple forms through a quasi-randomization
of items. All of the commercial test batteries that were reviewed had some
studies indicating acceptable reliability. Tests involving speed appear to be
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more reliable than those involving memory or accuracy. This may be due to
computer-format constraints. Clinicians and researchers need to be aware
of the variability in reliability studies with these tools.

Validity of computerized tests The presentation format of a computer-based
test presents different limitations and strengths than those of paper-and-
pencil testing. For instance, memory is a complex function and comput-
erized tests of memory are limited to recognition formats. This format
limitation may be one reason for the difficulty in isolating specific cogni-
tive functions, as there may be overlap between (for example) processing
speed and working memory (Maerlender et al., 2010). However, answering
questions about identification and recovery may not require such construct
specification.

As the previous sections document, a large number of studies have
demonstrated the various aspects of validity of these computerized batter-
ies. Table 3-7 lists published validity studies of several different computer-
ized neuropsychological tests used in concussion management. Concurrent
validity (comparing the scores from one test to those from another similar
test) and criterion and predictive validity (predicting a criterion such as
the diagnosis of concussion) are the most frequently cited methods of es-
tablishing validity. Construct validity attempts to establish the underlying
cognitive mechanisms that the test is actually measuring (e.g., memory,
attention). There is overlap in these types and methods for understanding
validity.

Concurrent validity has been demonstrated for each of the batteries
when compared with paper-and-pencil neuropsychological tests. Most stud-
ies show high correlations with tests thought to measure similar constructs.
Only two studies mention the discriminating ability of the tests, that is,
whether a particular test shows low correlations with other tests that it
should not be highly correlated with. For example, although the InPACT
test has high correlations between the composite scores and similar paper-
and-pencil tests (convergent construct validity), the same sample showed
high correlations with dissimilar paper-and-pencil measures (Maerlender
et al., 2010). On the other hand, Newman and colleagues (2013) found
that the new Pediatric InPACT test showed good discrimination between
speed of processing and memory tests. Using a factor-analytic approach,
Allen and Gfeller (2011) also demonstrated construct validity for InPACT.
ANAM (Bleiberg et al., 1997, 2000, 2004; Prichep et al., 2013), CogSport
(Collie et al., 2003; Makdissi et al., 2010; Moriarity et al., 2012), and CRI
(Erlanger et al., 2003) also have been shown to possess various types of
validity.

In group studies, neuropsychological test scores have generally not been
shown to predict prolonged recovery. Most recently, McCrea and colleagues
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TABLE 3-6 Reliability Studies on Common Neuropsychological Tests

Test Study Author N/population

Automated Segalowitz et al., 2007 29 adolescents,
Neuropsychological age 15

Assessment Metrics

(ANAM)

ANAM Cernich et al., 2007 Review of previous tests; U.S.

Military Academy cadets

ANAM4 Cole et al., 20137 50 active duty military,
predominantly male (83%);
ages 19-59 (mean 34)

CogSport Collie et al., 2003 60 healthy youth
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Subtest

Statistic/Reliability

Test Intervals Comment

Matching to Sample
Continuous
Performance
Math Processing
Code Substitution
Simple Reaction
Time

Simple Reaction
Time 2

Code Substitution
Delayed

Matching to Sample
Continuous
Performance

Math Processing
Simple Reaction
Time

Spatial Processing
Sternberg Memory

Matching to Sample
Procedural Reaction
Time

Math Processing
Simple Reaction
Time

Simple Reaction
Time repeated

Code Substitution
Learning

Code Substitution
Memory

speed indices

accuracy indices

1CC=.72 r=.72
ICC=.65 r=.70
1CC=.61 r=.71
ICC=.58 r=.81
ICC=.44 r=.48
ICC=.47 r=.50
ICC=.68 r=.67
1CC=.66
ICC=.58
1CC=.87
ICC=.38
1CC=.60
1CC=.48
r=.69; ICC=.67
r=.62; ICC=.51
I':.70; 1CC=.70
r=.65; ICC=.60
r=.41; ICC=.40
I':.79; 1CC=.79
r=.68; ICC=.59
ICC 1 hr.=.69,
1 week=.90
ICC 1 hr.=.08,
1 week=.51

2 times over 1-week

interval

166 days

21-42 days Sample likely is
not comparable
to youth
athletics

1 hour, 1 week

continued
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TABLE 3-6 Continued

Test Study Author N/population
CogSport Straume-Naesheim 232 male professional soccer
et al., 2005 players (Norwegian and

Spanish)
ages 17-35

Concussion Sentinel Broglio et al., 2007¢c? 73 high school

(CogSport)

CogSport Faleti et al., 2006 45 adults,
ages 18-40

CogState v5.6 Cole et al., 20137 53 active duty military,

predominantly male (83%);
ages 19-59 (mean 34)
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Subtest Statistic/Reliability Test Intervals Comment
Simple Reaction Immediate Sample is
Time ICC=.73 somewhat
Choice Reaction atypical
Time ICC=.65 for sports
Complex Reaction concussion
Time 1CC=.69 management
Monitoring ICC=.45
1-back Monitoring ICC=.71
Matching ICC=.69
Learning 1CC=.79
Working Memory ICC 45 days=.65; T1 to T2: 45 days;

5 days later=.64 T2 to T3: 5 days
Reaction Time ICC 45 days=.60;

5 days later=.55
Decision Making ICC 45 days=.56;

5 days later=.63
Attention ICC 45 days=.43;

5 days later=.39
Matching ICC 45 days=.23;

5 days later=.66
Simple Reaction T1-2, T2-3, T3-4, T1, T2, T3, T4 at Model and
Time T4-5 1ICC>.73 10-minute intervals, form of ICC

Choice Reaction
Time

Complex Reaction
Time

Monitoring
1-back Monitoring

Matching

Incidental Learn
Associative Learn

Detection Speed
Identification Speed
One Card Learning
Accuracy

One Back Speed
Composite

T3-4, T4-5 ICC>.71

T2-3, T3-4, T4-5
ICC>.64

T2-3, T3-4, ICC>.68
T1-2, T2-3, T3-4,
T4-5 ICC>.62

T1-2, T2-3, T3-4,
T4-5 ICC>.71

T3-4, T4-5 ICC>.60
T1-2, T2-3, T3-4,
T4-5 ICC>.77
r=.77; ICC=.78
1=.78; ICC=.77

r=.25; ICC=.22
r=.76; ICC=.74
r=.80; ICC=.79

T4-5 at 1 week
interval

21-42 days

not provided.
These ICCs are
for the reaction
times; very few
ICCs were >.60
for accuracy
measures

Sample is
atypical for
sports-related
concussion
management

continued
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TABLE 3-6 Continued

Test Study Author N/population
Concussion Resolution Broglio et al., 2007¢c? 73 high school

Index (CRI)

CRI Erlanger et al., 2003 414, ages 13-35

CRI Erlanger et al., 2002 46-49, ages 18-29
Immediate Post-Concussion  Iverson et al., 2003 29 males and 27 females,
Assessment and Cognitive average age 17.6 years

Testing (ImPACT)

ImPACT Elbin et al., 2011 369 high school varsity
athletes
ImPACT Miller et al., 2007 58 Division III

college football
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Subtest

Statistic/Reliability

Test Intervals

Comment

Simple Reaction
Time Error
Complex Reaction
Time

Complex Reaction
Time Error
Processing Speed
Index

Processing Speed
Simple Reaction
Time

Complex Reaction
Time

Processing speed
factor

Response speed
factor

Memory factor
Attention factor

Verbal Memory
Visual Memory

Visual-Motor Speed

Reaction Time

Verbal Memory
Visual Memory

Visual-Motor Speed

Reaction Time

ICC 45 days =.15;
5 days later=.03
ICC 45 days=.43;
5 days later=.66
ICC 45 days=.26;
5 days later=.46
ICC 45 days=.66;
5 days later=.58

r=.82
r=.70

r=.68

r=.78

r=.80
r=.68
r=.74

r=.70
r=.67
r=.89
r=.79

ICC=.62
ICC=.76
ICC=.85
ICC=.76

Significant practice
effects for Visual
Memory and

Visual-Motor Speed

composites only

T1 to T2: 45 days;

T2 to T3: § days

2 week

Random 1 to 110
days

1 week

1.2 year

Preseason, mid-
season, end of
season

Authors noted
that reliabilities
for the sample
under 18 years
were “with a
trend of lower
reliability scores
in the sample
under 18 years
of age” (pp.
306-307)

Practice effects
significant for
Processing Speed
only

Significant
practice effects
for Visual-Motor
Speed

Raw scores at
each time-point
compared

continued
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TABLE 3-6 Continued

Test Study Author N/population
ImPACT Schatz, 2010 95 collegiate athletes
ImPACT Broglio et al., 2007¢c? 73 high school
ImPACT Schatz and Ferris, 2013 25 undergraduates, no

concussion history

ImPACT Cole et al., 20137 44 active duty military
predominantly male (83%);
ages 19-59 (mean 34)

ImPACT Register-Mihalik 20 high school,
et al., 2012 20 college (male=female)
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Subtest

Statistic/Reliability

Test Intervals

Comment

Verbal Memory
Visual Memory
Visual-Motor Speed
Reaction Time

Verbal Memory
Visual Memory
Visual-Motor Speed
Reaction Time
Verbal Memory
Visual Memory

Visual-Motor Speed
Reaction Time

Verbal Memory
Visual Memory
Visual-Motor Speed
Reaction Time

Verbal Memory

Visual Memory

Visual-Motor Speed

Reaction Time

Impulse Control

ICC=.46
ICC=.65
1ICC=.74
ICC=.68

ICC 45 days=.23;
5 days later=.40
ICC 45 days=.32;
5 days later=.39
ICC 45 days=.38;
5 days later=.61
ICC 45 days=.39;
5 days later=.51

ICC=.79; r=.66
1CC=.60; r=.43
I1CC=.88; r=.63
I1CC=.77; r=.63

r=.61; ICC=60
r=.49; ICC=50
r=.86; ICC=.83
r=.53; ICC=.53

ICC (T1-T2)=.29; r’s
T1-T2, T2-T3, NS;
T1-&3 r p=.013
ICC (T1-T2)=.45;
T1-T2, T2-T3

rp’s <.002, T1-T3
r p=.023

ICC (T1-T2)=.71;
all r p’s <.001

ICC (T1-T2)=.60;
all r p’s <.001

ICC (T1-T2)=.6;
all r p’s <.05

2 year

T1 to T2: 45 days;
T2 to T3: § days

4 weeks

21-42 days

3 times each 24
hours apart

Serial testing of
three batteries,
one after the
other; few
expected practice
effects

Has a table
comparing ICC
and r across five
studies

Only visual
memory showed
significant
practice effects
All showed
improvement
from T1 to

T2, except

RT; sample is
atypical for
sports-related
concussion
management
Significant
practice effect
for Visual-Motor
Speed only, no
age effects

continued
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TABLE 3-6 Continued

Test Study Author N/population
ImPACT Resch et al., 2013 2 groups college
1’1:45, n=46
Pediatric ImPACT Gioia et al., 2013b 705, ages 5-12
CNS Vital Signs Cole et al., 20137 39 active duty military,

predominantly male (83%);
ages 19-59 (mean 34)

9Same study, different subjects; demographics for overall sample.
bSame study
NOTES: ICC = intraclass correlation coefficient, T = time.

(2013) analyzed data obtained from 570 high school and college athletes
with concussions at several time-points after injury. The study divided
the athletes into groups in which symptoms had resolved within 7 days
(typical) and had lasted more than 7 days (prolonged recovery). Neuro-
psychological test scores at less than 2 days post injury were not predictive
of which recovery group an athlete would be in. This finding was similar
to findings in the two meta-analytic studies described previously (Belanger
and Vanderploeg, 2005; Broglio and Puetz, 2008). It should be noted that
because in 90 percent of concussion cases the individuals recover by the
end of 2 weeks (typical), group analyses may obscure the effects in those
10 percent of cases in which scores continue to suggest injury.
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Subtest Statistic/Reliability Test Intervals Comment
Verbal Memory Both Groups, all Group 1: Used a one-way
intervals ICC<.59 T1 to T2=7 days, random effects
Visual Memory Group 1 ICC.26, .53, T2 to T3=7days, model (atypical)
.85; Group 2 ICC T1 to T3=14 days
52-.55 Group 2:
Visual-Motor Speed Both Groups, all T1 to T2=45 days,
intervals T2 to T3=5 days,
ICCs.66 T1 to T3=50 days
Reaction Time Group 1 all intervals
>.78; Group 2 .57,
49,71
Response speed r=.97
Memory r=.53; ICC=.54 21-42 days Sample is
Verbal Memory r=.34; ICC=.29 atypical for
Visual Memory r=.48; ICC=.47 sports-related
Psychomotor Speed r=.77; ICC=.72 concussion
Reaction Time r=.78; ICC=.75 management

Complex Attention r=.79; ICC=.79
Cognitive Flexibility r=.71; ICC=.62

Processing Speed r=.68; ICC=.63
Executive
Functioning r=.73; ICC=.64

Neurocognitive Index  r=.76; ICC=.70

Summary All of the computerized neuropsychological test batteries pres-
ent some evidence of concurrent validity with traditional paper-and-pencil
tests. Direct comparisons between tests provide some strong relationships,
typically for the speeded tests rather than the memory tests. Within-battery
reliabilities tend to be better for speeded tests as well. The CRI does not
include a memory component. CogSport has demonstrated good reliability
for working memory speed, but not for accuracy.

The generally poorer performance of “memory” tasks is unfortunate
because working memory has long been identified as a significant cognitive
function that declines in all forms of TBI; the poorer performance may be
a function of the computer presentation of the tests. The trend of speeded
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TABLE 3-7 Validity Studies on Common Neuropsychological Tests

Test Study Author Age Range Subjects (n)

Automated Bleiberg et al., 6 concussed, 6 control
Neuropsychological 1997
Assessment Metrics

(ANAM)
ANAM Bleiberg et al., High school, 122 high school and
2000 college college
ANAM Bleiberg et al., College 68 concussed of 729;
2004 18 controls tested at
same interval
ANAM Prichep et al.,, 2013 15-23 years 65 concussed
ANAM Register-Mihalik et College 132 concussed
al., 2013b
ANAM Woodard et al., High school,
2002 non-concussed
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Type of Validity

Comparisons

Findings

Concurrent

Concurrent

Predictive

Predictive

Predictive

Concurrent

ANAM with H-R plus other
tests

Trail Making Test Part B,
Auditory Consonant Trigrams
total score, Paced Auditory
Serial Addition test (PASAT),
Hopkins Verbal Learning test,
Stroop Color-Word test

Test intervals: 0 to 23 hours,
1 to 2 days, 3 to 7 days, and
8 to 14

Moderate versus severe
concussion

Percent exceeding reliable
change index; reliable change
index values based on
separate healthy sample

Healthy athletes ANAM and
paper-and-pencil tests

Too few subjects for meaningful
interpretation

PASAT r Mathematical
Processing=.66; PASAT r with
Sternberg Memory=.45; PASAT
r with Spatial Processing=.33;
Trails B r Matching to
Sample=.50 //PASAT & Trails

B correlated with Mathematical
Processing, Sternberg Memory,
Spatial processing, and Matching
to Sample

<24 hour: Spatial Processing
p<.01; Mathematical Processing
<.05; 1-2 d Spatial Processing
<.05/ no other findings

At the time of injury, athletes
with moderate concussion
performed significantly worse
than athletes with mild
concussion on ANAM Code
Substitution-Delayed, Code
Substitution, Matching to
Sample, Simple Reaction Time
and Simple Reaction Time 2
subtests (p<0.03)

Sensitivity at 80%, 90%, and
95% all <15%; specificity >90%

Significant correlations between
individual ANAM scores and
Hopkins Verbal Learning

test, Controlled Oral Word
Association test, Digit Symbol
Substitution test, Symbol Search

continued
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TABLE 3-7 Continued

Sports-Related Concussions in Youth: Improving the Science, Changing the Culture

Test Study Author Age Range Subjects (n)
CogSport Collie et al., 2003 240 elite Australian
rules football players
CogSport/Axon Makdissi et al., 16-35 years, 88 concussed
2010 median=22 years Australian rules
football
CogSport/ Moriarity et al., Amateur boxers
Axon 2012
CogSport Schatz and Putz, 18-23 30 college students
2006
Immediate Iverson et al., 2005  Mean age 17 years 72 amateur
Post-Concussion
Assessment and
Cognitive Testing
(ImPACT)
ImPACT Iverson et al., 2004  None given 25 amateur
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Type of Validity

Comparisons

Findings

Concurrent

Predictive

Predictive

Concurrent

Concurrent

Concurrent-construct

Trails, Digit Symbol
Substitution test; ICCs
calculated from z-scores

Trails B, Digit Symbol, and
CogSport; symptomatic versus
asymptomatic at time of
testing

Baseline to post bout

Significant correlations
(p<.05)

Simple Reaction Time:

no significant r; Complex
Reaction Time to ImPACT
Reaction Time r=.649; to
Trails A r=.544; to Trails B
r=.535; Memory to CogSport
Learning r=.723

Tested within 21 days of
concussion; correlated with
Symbol Digit Modalities

Tested within 20 days of
injury; Brief Visual Memory
test, Trail Making, Symbol
Digit Modalities

ICCs stronger for Digit Symbol
than Trails; speed scores better
than accuracy

Both CogSport and paper-and-
pencil showed more reliable
change index changes for
symptomatic than asymptomatic;
significantly more athletes
showed reliable change index
changes on CogSport than paper-
and-pencil for both

2 of 96 had low scores but no
concussion; not clear what the
conclusion was; some took
baseline tests in dorm room

Complex Reaction Time
correlated with paper-and-pencil
and ImPACT

All composites and symptom
total significantly correlated with
Symbol Digit Modalities

Symbol Digit Modalities and
Brief Visual Memory tests
delayed significantly correlated
with all 4 ImPACT composites.
Both Trails correlated with
processing speed

continued
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TABLE 3-7 Continued

Test

Study Author

Age Range

Subjects (n)

ImPACT

ImPACT

ImPACT

ImPACT

ImPACT

Schatz et al., 2006

Schatz and Putz,
2006

Schatz and Sandel,
2013

Tsushima et al.,
2013

Maerlender et al.,
2010

High school

18-23

High school and
college

High school

College

72 concussed athletes

30 college students

81 concussed
symptomatic athletes;
37 concussed
asymptomatic athletes,
ages 13-21

26 concussed versus
25 controls

54 non-concussed

Copyright © National Academy of Sciences. All rights reserved.



Sports-Related Concussions in Youth: Improving the Science, Changing the Culture

CONCUSSION RECOGNITION, DIAGNOSIS, AND ACUTE MANAGEMENT 147

Type of Validity

Comparisons

Findings

Predictive

Concurrent

Predictive

Criterion

Convergent,
concurrent,
construct

72 concussed (within 72
hours of injury) compared to
66 controls

Significant correlations
(p<.03)

Complex Reaction Time

to Headminder r=.407; to
CogSport r=.649; to Trails A
r=.641; to Trails B r=.442; to
Digit Symbol r=—.455
Memory no significant r
Processing Speed to
Headminder r=—.373

81 concussed evaluated within
hours of injury compared to
81 controls’ baseline testing;
also compared scores of

37 symptomatic athletes to
asymptomatic athletes to 37
matched controls

Score comparisons at 6 days

ImPACT to paper-and-pencil

and to in-scanner behavioral
tests

Significant differences between
groups on all ImPACT
composites and symptoms; 1
discriminant function included
Visual Memory, Processing
Speed, Impulse Control and
symptom total: sensitivity=82%,
specificity=89%

Speed tests show correlations
with paper-and-pencil and other
computer tests; memory tests do
not correlate (no memory tests in
paper-and-pencil battery)

Symptomatic athletes:
Sensitivity=.75; specificity=.89;
PPP=.91, NPP=.69;
Asymptomatic: Sensitivity,
Specificity, PPP, NPP=.97 (only 2
cases were misclassified)

Sample was well characterized
and clean (no learning disability,
attention deficit hyperactivity
disorder)

No difference in test scores at

6 days, significant difference

in symptoms; authors felt it
replicated previous findings of no
test score difference at 7 days (6)
Very small n, no control for
baseline, so amount of actual
change may be obscured

High correlations between similar
measures for all 4 composites

continued
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TABLE 3-7 Continued

Test Study Author Age Range Subjects (n)
ImPACT Maerlender et al., College 54 non-concussed
2013 (same sample as 2010
study)
ImPACT Allen and Gfeller, College 100 non-concussed
2011
Pediatric InPACT Newman et al., 5-12 years 164 concussed
2013
Pediatric InPACT Gioia et al., 2013a 5-12 years, 22 ages 5-7,
<7 days post 67 ages 8-12
concussion
Concussion Erlanger et al., 13-35 years 414

Resolution Index

(CRI)

2003
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Type of Validity

Comparisons

Findings

Discriminant,
concurrent,
construct

Construct

Concurrent,
construct

Criterion, predictive

Concurrent

ImPACT to paper-and-pencil
and to in-scanner behavioral
tests

Factor analysis of InPACT
and paper-and-pencil battery

Tested an average of 12 days

from injury; correlations with
paper-and-pencil and fluency

tests

Response speed and
symptoms by age

CRI factors correlated
with paper-and-pencil tests
(Processing Speed, Simple
Reaction Time, Complex
Reaction Time)

Poor discriminant validity for 3
or 4 composites—high correlations
with dissimilar paper-and-pencil
measures, except for reaction
time

Five ImPACT factors accounted
for 69 percent of variance;
significant correlations between
ImPACT composites and paper-
and-pencil tests (except impulse
control)

Response Speed Composite

r: Digit Span, forward and
backward, Auditory Consonant
Trigrams, Symbol Digit memory;
Response Speed Composite was
more strongly associated with
traditional speed measures than
it was with the Learning and
Memory Composite, indicating
relative independence of the
Response Speed and Learning
and Memory Accuracy

Response speed and symptoms
together correctly classified by
age

Symbol Digit Modalities

and Grooved pegs (bilateral)
correlated with all three factors;
Trails A correlated with Simple
and Complex Reaction Time;
Trails B and Stroop interference
correlated with Processing
Speed; Digit Symbol (WAIS-III)
correlated with Simple Reaction
Time

continued
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TABLE 3-7 Continued

Test Study Author Age Range Subjects (n)

CRI Erlanger et al., 18-87 years 66 out of a larger
2002 sample

CRI/Head-minder Schatz and Putz, 18-23 30 college students
2006

NOTES: ICC = intraclass correlation coefficient, NPP = negative predictive power, PPP = posi-
tive predictive power.

tests showing better performance than the accuracy measures may be re-
flecting the strengths of the computerized platform.

Does Baseline Testing Improve the Utility of Neuropsychological Testing
in the Diagnosis and Management of Sports-Related Concussion?

Baseline testing has become commonplace and often is considered an
invaluable part of sports concussion management as it allows for more ac-
curate interpretation of post-injury scores (McCrory et al., 2005). In 2011,
Congress mandated that the Department of Defense develop and implement
a comprehensive policy on consistent neurological cognitive assessments of
service members before and after deployment (P.L. 111-383, sec. 722). The
Department of Defense now mandates pre-deployment baseline testing to
be performed on all service members within 12 months of their deployment
(DoD, 2013). Comparing a post-injury score to an individual’s baseline al-
lows a comparison that controls for many of the individual factors that can
affect test performance, and several papers have called for its (continued)
use (Barth et al., 1989; Gardner et al., 2012; Hinton-Bayre et al., 1997,
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Type of Validity Comparisons Findings

Concurrent 4 factors identified (Response Symbol Digit Modalities
Speed, Processing Speed, correlated with all four factors;
Memory, Attention) and Symbol Search and Digit Span
correlated with paper-and- correlated with Response Speed,
pencil tests Processing Speed, Reaction Time;

Bushke Selective Reminding
correlated with Response Speed,
Memory, Attention; Trails A and
B correlated with Response Speed

Concurrent Significant correlations Simple Reaction Time and
(p<.05) processing speed correlate with
Simple Reaction Time to paper-and-pencil and ImnPACT

Trails A r=.428; to Digit
Symbol r=-.526

Complex Reaction Time no
significant r

Processing Speed to Trails B
r=.601; to Digit Symbol
r=—610; to ImPACT r=-.373

1999; Lovell and Collins, 1998). Only a few empirical studies have exam-
ined the potential benefit of using baseline test scores instead of comparing
post-injury scores to normative standards. Baseline testing is costly and,
as indicated previously, is not without its logistical and administration
problems, which can sometimes lead to questionable results. Furthermore,
the use of baseline testing automatically presumes repeat testing; with
that, appropriate statistical procedures are needed for interpreting results
(Heilbronner et al., 2010; McCrory et al., 2005). Test scores are known to
“regress to the mean” after multiple exposures, practice effects can inflate
scores, and baseline scores on the extremes of the distribution will have
different effects with repeat testing. Although having different “forms” of a
test (different items) reduces the test taker’s ability to memorize responses,
the test procedures are the same, so practice increases test familiarity, which
can enhance performance.

Schmidt and colleagues (2012) analyzed retrospective data for 1,060
collegiate athletes with baseline neuropsychological test (ANAM), balance,
and symptom checklist results. The study used reliable-change methodol-
ogy for the baseline comparisons and difference from mean baseline score
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for the normative comparison. An analysis of variance comparing the
number of correct identifications between methods found that the baseline
comparison was significantly better (fewer misidentifications) for a reaction
time score, and the normative comparison was better for a mathematical
reasoning score. The authors noted that individual differences in baseline
performance on math processing may have caused the high rate of misiden-
tifications. This is a drawback of the reliable-change method as opposed to
a regression-based method. No other significant neuropsychological score
disagreements were observed, nor were there any score disagreements for
postural control or symptom severity.

Summary Baseline testing has been called for and recommended for many
years. It was a cornerstone of Barth’s original SLAM model and has been
seen as an answer to the limitations of normative comparisons for detecting
clinical change. However, very few studies have specifically examined the
value of baseline testing, and establishing the validity of baseline testing is
difficult. The consensus statement from the Fourth International Confer-
ence on Concussion in Sport held in Zurich has taken the lack of evidence
for baseline testing as an indication that baseline testing should not be
required (McCrory et al., 2013b). Baseline testing is a common practice in
schools and programs for many sports (Covassin et al., 2009), and it has a
theoretical foundation. On the other hand, there are drawbacks to conduct-
ing large-scale baseline assessments; as Moser and colleagues (2011) have
pointed out, group testing has its disadvantages. In addition, baseline test-
ing is expensive and time-consuming, and there is the question of whether
the use of baseline testing in concussion management actually reduces risks
of recurrent injury or long-term functional deficits.

Randolph and Kirkwood (2009) provided a comprehensive review of
the evidence to that date regarding the use of different strategies in sports
concussion management. They acknowledged that few prospective stud-
ies had been done regarding risks and means for minimizing them. Their
review of the literature on football concussions (as the paradigmatic sport)
noted potential risks of death or permanent disability, delayed recovery,
same-season repeat concussion, and the late-life consequences of multiple
concussions. They observed that catastrophic outcomes associated with
sports-related concussion are extremely rare, and less serious short-term
adverse outcomes also are rare and generally transient. In addition, they
argued that current management strategies, including baseline testing, did
not modify these risks. The same group followed up with a critique of base-
line testing specifically. They argued that the utility of using baseline tests
rests on the function (real-world) outcomes derived from the procedure.
They note:
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The primary justification for the baseline method is that it helps to ensure
that athletes are fully recovered from a concussion and are therefore “safe”
to [return to play]. At present, however, little to no empirical evidence is
available to demonstrate that such testing actually reduces any known risk
associated with concussive injury. (Kirkwood et al., 2009, p. 1410)

The 2013 position statement of the American Medical Society for Sports
Medicine states that most concussions can be managed appropriately with-
out neuropsychological testing and also notes the lack of evidence that use
of baseline testing in the clinical management of concussions improves
short- or long-term outcomes (Harmon et al., 2013).

Summary

Neuropsychological testing has been an important element of clinical
practice in traumatic brain injury research and practice for many years. Its
adoption into the sports concussion field is thus based on a considerable
history. The temporal aspects of concussions, together with the potential
consequences of improper behavior management, create the need for ef-
fective and efficient tools with strong psychometric foundations. However,
these demands create challenges for tests and test interpretations. Further-
more, changes in knowledge and the development of newer tools have led
to the need for more sophisticated analytic procedures and more nuanced
interpretations. Although the quality of the studies varies, the tests reviewed
here have some level of validity; reliability is even more variable, however,
and users must be aware of the limitations that these studies imply. Even
though computerized neuropsychological tests are easy to obtain and ad-
minister, the many factors that affect test interpretation along with the need
for technical expertise in understanding test scores as they relate to indi-
vidual cases together make it important that neuropsychologists or other
professionals with training and expertise in neuropsychological testing and
concussion management provide test interpretation.

Research on the effectiveness of neuropsychological tests in the identi-
fication and management of sports concussions is mixed. Some studies are
challenged by the difficulty in establishing solid diagnostic criteria of what
a concussion is, by confusion between statistical and clinical significance, by
inappropriate analyses of multiple exposures to tests, and by questionable
control of state-related and intrinsic subject factors. The universal “screen-
ing” approach of using baseline tests may be a significant improvement,
but there are very few data on that issue, and it is not clear how one could
determine if one approach is “better” than another (i.e., comparing post
injury to one’s own baseline or to normative standards).

Neuropsychological test scores appear to reflect the presence of a
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concussion, although, again, the complexity and associated factors make
interpretation more difficult than it might seem on the surface. Neuropsy-
chological testing may be of use in tracking recovery, although studies are
emerging that question the presence of ongoing cognitive dysfunction when
test results appear to be back to normal or baseline. The use of computer-
ized batteries has allowed for easier test administration, but at the cost of
what appears to be a loss of some specificity; that is, tests may be valid
indicators of concussion in a broad sense, but they are less useful for saying
what cognitive functions are actually affected. Although baseline testing is a
common practice, studies provide mixed (and limited) evidence concerning
the utility and cost-effectiveness of such testing.

ACUTE CONCUSSION MANAGEMENT

The time-course of the effects of a concussive blow or blows appears
to take place on the order of minutes, hours, and days. Within the period
of recovery, the brain is thought to be vulnerable to further injury, which
can be more severe and may complicate recovery (Cantu, 1998; Cantu and
Voy, 19935; Eisenberg et al., 2013; McCrory and Berkovic, 1998; Saunders
and Harbaugh, 1984). Thus, although the initial injury may be mild, acute
management is still needed to protect the individual from more significant
harm.

In 80 to 90 percent of high-school- and college-age patients, concussion
symptoms resolve within 2 weeks without any overt intervention (McClincy
et al., 2006; McCrea et al., 2004, 2013). McCrea and colleagues (2013)
examined 570 high school and college athletes with concussions® and 166
non-concussed athlete controls. Only 10 percent of the concussed athletes
(n=57) took longer than 7 days to recover. In an earlier study, McCrea and
colleagues (2004) reported on the recovery from concussions in 94 con-
cussed college football players and 56 non-concussed controls. On average
the athletes reverted to baseline by day 7, and there were no symptomatic
or functional differences between the two groups by 3 months. This study
also found that neuropsychological recovery tended to lag 2 to 3 days be-
hind symptomatic recovery. McClincy and colleagues (2006) documented
symptom and ImPACT test scores at baseline and at 2, 7, and 14 days
post injury in 104 concussed high school and college athletes. They found
significant differences in symptom and ImPACT scores through 7 days post
injury, although the magnitude of differences dropped over time. There was
no significant difference between symptom scores at baseline and at 14
days post injury. In addition, at day 14, only the verbal memory composite

6Of the injuries, 60.5 percent were in high school athletes, and 39.5 percent were in college
athletes.
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score of the ImMPACT test was significantly different from baseline, although
this suggests that at least some areas of neuropsychological recovery may
persist in asymptomatic individuals. However, no adjustments for base-
line scores or repeat testing were made. Makdissi and colleagues (2010)
reported on the natural history of concussion in Australia elite junior and
senior football players. The mean time to return to play was 4.8 days, with
18 percent showing symptoms for more than 7 days. Again, computerized
neuropsychological testing revealed that abnormalities in neurocognitive
performance persisted for 2 to 3 days after the athletes no longer were
asymptomatic.

In a study comparing concussion recovery times of high school and
college athletes through 7 days post injury, Field and colleagues (2003)
found that high school athletes recovered more slowly within the first week
after injury, but there was no difference in performance by 7 days in most
areas tested. Unlike their college counterparts, high school athletes with a
concussion still exhibited a significant decrease in memory performance at
7 days compared with controls (Field et al., 2003).

There is no body of literature on sports-related concussion recovery
times for younger children (5 to 12 years). Eisenberg and colleagues (2013)
found that concussion symptoms in children 11 to 13 years old presenting
to the emergency department (ED) resolved more quickly than in those age
13 and older. It is important to note that the sample in the Eisenberg study
was drawn from patients presenting to the ED with acute concussions,
raising the possibility that participants may have experienced a more severe
injury or a higher initial symptom load than did individuals with acute
concussion who do not seek care in an ED. Almost 64 percent of those
included in the study sustained their concussions playing sports, 22 percent
experienced loss of consciousness, and 43 percent experienced amnesia.

In most studies, the majority of youth adjust well after an mTBI, but in
studies that had a non-head-injury control group and good sample reten-
tion, around 10 to 13 percent were still symptomatic at 3 months and 1
year after the injury (Barlow et al., 2010; McCrea et al., 2013; Yeates et al.,
2009, 2012). Chapter 4 includes recovery curves for reported symptoms,
postural stability, and cognitive function (see Figures 4-1, 4-2, and 4-3).

In the acute phase of concussion management, in addition to symptom
resolution, the goals include protecting the brain from additional injury and
stress, avoiding potential long-term cognitive sequelae of repeated injury,
and avoiding the risk of second impact syndrome. The current consen-
sus statements put forth by the international Concussion in Sport Group
(McCrory et al., 2013b), the American Medical Society for Sports Medicine
(Harmon et al., 2012), the American Academy of Pediatrics (Halstead et
al., 2010), and the American Academy of Neurology (Giza et al., 2013)
state that athletes who sustain a concussion should not return to play on
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the same day as the injury. There is evidence that high school and college
athletes may have a delayed onset in symptoms and demonstrate post-injury
neuropsychological deficits that may not be apparent on the sideline of an
athletic event, and therefore the athletes would benefit from immediate re-
moval from play for their protection (Collins et al., 1999, 2003b; Duhaime
et al., 2012; Guskiewicz et al., 2003; Lovell et al., 2003; McCrea et al.,
2003). This suggests that same-day return would place that athlete at higher
risk for adverse outcomes.

During the acute phase, clinical management strategies to limit physi-
cal and cognitive activity are emphasized. The more aggressive medical
management of symptoms typically does not begin until 2 to 4 weeks post
injury, when an athlete may be said to be experiencing prolonged recovery
(see Chapter 4).

Physical Rest

Consensus opinion holds that athletes who have sustained a concus-
sion should refrain from aerobic exercise, sport-specific training, and com-
petition until symptoms resolve (Giza et al., 2013; Halstead et al., 2010;
Harmon et al., 2013; McCrory et al., 2013b). Two issues underlie this
consensus recommendation. First, concussed athletes are usually instructed
to avoid any activity that will increase their heart rate, as this may worsen
symptoms and potentially increase recovery time. Second, a premature re-
turn to contact or collision activities may increase the risk of repeat injury
(Cantu, 1998; Cantu and Voy, 1995; Guskiewicz et al., 2003; McCrory
and Berkovic, 1998; Saunders and Harbaugh, 1984). There is evidence in
animals that additional concussive injury within a certain period of vulner-
ability following the initial injury has an additive effect (see Chapter 5). The
period of vulnerability may be related to metabolic depression in the brain
following the initial injury, but it is not yet known what the time frame is
for this vulnerable period, how it varies across ages ranges, and how best
to measure it.

Physical rest can range from bed rest to simply refraining from full
contact athletic activity. It is important to distinguish between potentially
concussive activities (e.g., contact sports or activities that carry a risk of
head or body impact) and noncontact physical activity, which may or may
not exacerbate symptoms.

Cognitive Rest

Cognitive rest is also recommended for the initial period following a
concussion (Halstead et al., 2010; Harmon et al., 2013; McCrory et al.,
2013b), although what cognitive rest entails has not been well defined, and
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its efficacy in promoting recovery has not been fully determined. Gener-
ally, cognitive rest is achieved by eliminating or decreasing activities that
require concentration, including schoolwork (McCrory et al., 2009, 2013b)
and mental stimulation, as these may exacerbate symptoms and prolong
recovery. However, there is a suggestion in the literature that 1 to 2 weeks
away from school and schoolwork may place students at academic risk
(Allensworth and Easton, 2007).

Evidence for Physical and Cognitive Rest

There is limited evidence about the effects of physical and cognitive
rest in youth recovering from sports-related concussion, although it is
widely accepted that concussion symptoms are aggravated by both physi-
cal and mental exertion (Kissik and Johnston, 2005), and, as previously
mentioned, there is evidence of a period of vulnerability during which the
brain is more susceptible to secondary injury and during which it is prudent
to avoid activities that may lead to additional impacts. In a prospective,
nonrandomized study of 635 high school and college athletes with concus-
sion, McCrea and colleagues (2009) found that the more time that elapsed
between an athlete’s injury and return to play, the less likely the athlete
was to have a repeat concussion during the same season. In addition to
the adverse effects of concussion on physical and cognitive function in the
acute post-concussion period, there is evidence that the brain is recovering
from metabolic changes, as described in Chapter 2. Physical and cognitive
activities may increase energy demands on an already overtaxed system.
Evidence from a study of voluntary exercise in rats suggests that an initial
period of physical and cognitive rest is therapeutic after concussive injury
(Griesbach et al., 2004). A retrospective cohort study of 95 high school
athletes found that individuals engaging in high levels of activity (school
and full athletic participation) after a concussion did not perform as well on
neurocognitive testing as those with moderate levels of activity (school and
moderate physical activity—light jogging, mowing the lawn) (Majerske et
al., 2008). In another study, high school and college athletes who completed
at least 1 week of cognitive and physical rest after injury showed significant
improvement on concussion symptom scale ratings and neurocognitive
scores, even when rest was prescribed weeks or months following a concus-
sion (Moser et al., 2012).

Other studies, however, suggest little or no beneficial effect of physi-
cal rest on length of recovery. The same study by McCrea and colleagues
(2009) found no difference in concussion outcomes at 45 and 90 days post
injury between athletes who returned to play while symptomatic or im-
mediately following symptom resolution and those who observed at least
a 1- to 7-day wait following symptom resolution before returning to play.
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Another study showed that rest (defined as no mental or physical exertion,
but continued activities of daily living) as a treatment for mTBI was inef-
fective (see Willer and Leddy, 2006). A randomized human trial of patients
presenting to the ED with mTBI showed that complete bed rest for 6 days
after presentation was ineffective in reducing symptoms at 2 weeks and 6
months post injury (de Kruijk et al., 2002).

The expert consensus opinion is that an individualized treatment plan
including physical and cognitive rest is beneficial for recovery from concus-
sion, although current research is insufficient to identify the level and dura-
tion of physical and cognitive rest needed to promote recovery. Randomized
controlled trials or other appropriately designed studies on the management
of concussion in youth are needed in order to develop empirically based
clinical guidelines; this includes studies to determine the efficacy of physical
and cognitive rest following concussion and the optimal level and duration
of rest.”

Return to Physical Activity

The return of an individual to physical activity following a concus-
sion is typically governed by his or her symptom load. Consensus opin-
ion (McCrory et al., 2013b) and practice guidelines (Giza et al., 2013;
Halstead et al., 2010; Harmon et al., 2013) state that individuals who
have sustained a concussion should avoid physical activity during the acute
phase of recovery until they are symptom-free at rest and without medica-
tion (see also Buzzini and Guskiewicz, 2006; Canadian Academy of Sport
Medicine Concussion Committee, 2000; Herring et al., 2011; Hunt and
Asplund, 2010; Kutcher and Eckner, 2010; Lee, 2006; Moser et al., 2007;
Poirier, 2003; Purcell and Canadian Paediatric Society, 2012; Putukian et
al., 2009). Before returning to activity, individuals should also be back to
either their own baseline or the appropriate population norm with regard
to neuropsychological/cognitive functioning (McCrory et al., 2013b). When
this is measured or obtained by computerized testing, it is important that
interpreting providers consider reliable change in test scores rather than
exclusively focusing on the numbered scores or percentile scores.

The Department of Defense requires that all deployed service mem-
bers who are diagnosed with their first concussion observe a mandatory
minimum 24-hour recovery period, which may be extended on the basis of

"The report reflects information that was available at the time it went to press. A prospective
study of the effect of cognitive activity level on the duration of symptoms following sports-
related concussions in 335 youth ages 8 to 23 years subsequently was published in January
2014 (Brown et al., 2014).
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subsequent clinical evaluation (DoD, 2012).% Similar concussion manage-
ment policies are being developed for concussed service members in the
non-deployed setting as well (Tsao, 2013).

During the period when the patient denies symptoms but when meta-
bolic changes presumably are still in effect, symptoms may be induced by
rigorous exercise. Therefore, team physicians and athletic trainers may use
exercise as a “symptom stress test” to determine whether a player is ready
to return to play. Furthermore, evidence that the resolution of neurocogni-
tive impairment following concussion may take longer than the resolution
of physical symptoms (Broglio et al., 2007a; Iverson et al., 2006; Peterson
et al., 2003; Sandel et al., 2012) and that moderate exercise may induce
cognitive declines in athletes who are asymptomatic and have returned
to neurocognitive baseline following concussion (McGrath et al., 2013)
highlight the importance of appropriately managing an individual’s return
to physical activity.

Once individuals are symptom-free, it is frequently recommended that
they follow a graded return-to-play protocol (see Table 3-8), progression
through which is governed in part by recurrence of symptoms (Canadian
Academy of Sport Medicine Concussion Committee, 2000; Halstead et al.,
2010; Herring et al., 2011; McCrory et al., 2013b). The protocol calls for
individuals to proceed to the next level if they remain asymptomatic at the
current stage. If concussion symptoms reappear, the athlete should revert
back to the previous asymptomatic stage and resume the progression after
24 hours (Canadian Academy of Sport Medicine Concussion Committee,
2000). The Department of Defense is also in the process of developing a
gradual return-to-duty guideline (personal communication with Jack W.
Tsao, October 8, 2013).

However, aside from evidence supporting refraining from activities
that risk additional injury or re-injury during the temporally undefined
“window of cerebral vulnerability” following a concussion, there is little
empirical evidence to support the timing of return to physical activity or
the use of graded approaches for doing so.

Return to Cognitive Activity

The resumption of cognitive activity, including returning to school, is a
primary concern for the majority of the age groups under consideration in
this report. Individualized academic adjustments are often needed and are

8Service members who receive a second concussion diagnosis within 12 months are not
returned to full duty for 7 days following symptom resolution (DoD, 2012). Individuals who
sustain 3 or more concussions within 12 months are required to undergo a “recurrent concus-
sion evaluation,” which is used in determining return-to-duty status (DoD, 2012).
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TABLE 3-8 Graded Return-to-Play Protocol

Functional Exercise
at Each Stage of
Step Rehabilitation Stage Rehabilitation Objective of Each Stage

1 No activity Complete cognitive Recovery
and physical rest.

2 Light aerobic exercise Walking, swimming, Increase heart rate
or stationary cycling,
keeping intensity
<70% maximum
predicted heart rate.
No resistance training.

3 Sport-specific activity Skating drills in ice Add movement
hockey, running drills
in soccer. No head
impact activities.

4 Non-contact training Progression to more Exercise, coordination,
drills complex training and cognitive
drills, e.g., passing
drills in football and
ice hockey. May start
load progressive
resistance training.

5 Full contact practice Following medical Restore confidence and
clearance, participate assess functional skills by
in normal training coaching staff
activities.

6 Return to play Normal game play.

SOURCE: Based on Canadian Academy of Sport Medicine Concussion Committee, 2000.

guided by the individual’s experience of symptoms (Halstead et al., 2010;
McCrory et al., 2013b). Some students may be unable to participate in
full days of school or work, may need a reduced amount of classwork and
homework, or may require additional time to take tests and accomplish
other tasks (McGrath, 2010; Popoli et al., 2013; Sady et al., 2011). It is
also important to note that students who are limited should specifically not
be allowed to participate in physical education classes.

Evidence that the resolution of neurocognitive impairment following
concussion may take longer than the resolution of physical symptoms (see,
e.g., McClincy et al., 2006) highlights the importance of appropriately
managing the return to cognitive activity. Academic work demands focus,
memory, processing speeds, and concentration, which are the processes that
are affected by a concussion (McCrory et al., 2004). In addition, cognitive
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stress may elicit or exacerbate concussive symptoms. Indeed, at 1 month
post injury, individuals noted more symptoms with cognitive stress than
with physical stress (Gioia et al., 2010). The ImPACT test has a post-test
symptom checklist that in effect documents the effect of mental exertion
on neurocognitive testing.

Although the majority of concussions resolve within 2 weeks, missing
school for even a portion of that time can be detrimental to student per-
formance. Assuming a standard school year of approximately 180 days,
a 2-week absence for concussion translates into missing 5 percent of the
school year. Minimizing time lost from school without compromising the
recovery and academic performance of a student recovering from concus-
sion is a challenge. Allensworth and Easton (2007) found that only 63
percent of students in the Chicago school system who missed 5 to 9 days
of school in 1 year graduated in 4 years, compared to 87 percent of stu-
dents who missed less than 1 week. As is the case with a return to physical
activity, however, there is little evidence to support protocols for returning
students to school following a concussion.

Nationally there are currently two categories of accommodations for dis-
abled students, including those with TBI: the individualized educational plan
(IEP) and the 504 plan. The details of each vary by state. In general, IEPs are
designed to address long-term cognitive disabilities and ensure that qualified
elementary or secondary school students receive individually appropriate spe-
cialized instruction, including modified curricula, and related services. A 504
plan is designed to accommodate those individuals with a disability under
the Americans with Disabilities Act. This refers to specific laws that protect
students who need accommodations in order to have a “level playing field”
while pursuing the typical school curriculum—for example, ensuring that a
blind student is provided with audio or Braille textbooks or a student with
severe dyslexia is permitted additional time on timed assessments.

Although a concussed student, with limitations in memory and process-
ing speeds, may qualify for accommodations under a 504 plan, in practice
the time it often takes to determine eligibility and implement the plan makes
this an impractical approach for meeting the needs of students who recover
within the typical 2-week time frame (Popoli et al., 2013). In addition, a
parental request for academic accommodations via a 504 plan or IEP obli-
gates the school to act upon the request, which poses real costs to the school
district, both financial and in terms of staff time. Because most concussions
resolve within a few weeks, short-term school-based accommodations of-
ten can be arranged without the need for a 504 plan (Popoli et al., 2013).
Longer-term accommodations may be considered in cases when concussive
symptoms persist much longer (e.g., 3 months or more).

Several states, including Arizona (Barrow Concussion Network,
2013), Maine (Maine Department of Education, 2012), New Jersey (P.L.
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2013, Ch. 71 [June 27, 2013]), New York (New York State Department of
Education, 2012), and Oregon (Oregon Department of Education, 2010),
have implemented formal systems to help educate educators on the effects
of concussion and to manage the return of students with concussions to
academic activity through the use of concussion management teams or
other mechanisms. A number of other states provide links to informational
material for parents and educators. A common element of the formal
school-based concussion management policies is the inclusion of accom-
modations to permit a gradual return to academic activity (e.g., a shortened
school day or extra time to make up assignments and tests).

The Brain Injury Association of Pennsylvania (BIAP), with input from
the Pennsylvania Department of Education, has developed a model policy
to provide guidance for Pennsylvania schools with respect to concussion
and mTBI (BIAP, 2013). The BIAP—with additional funding from the Penn-
sylvania Departments of Health and Education—has developed a program
called BrainSTEPS, which offers school districts trained assistance in rein-
tegrating concussed students into school (BIAP, 2013; Brown, 2013). This
work in Pennsylvania illustrates the potential for collaboration among gov-
ernment entities (e.g., Departments of Health and Education) and between
government and the private sector to develop infrastructures for addressing
issues associated with concussion in youth.

FINDINGS

The committee identified the following findings on concussion recogni-
tion, diagnosis, and management:

e Currently concussion diagnosis is based primarily on symptoms re-
ported by the individual rather than on objective diagnostic mark-
ers, which might also serve as objective markers of recovery.

e The signs and symptoms of concussion typically fall into four
categories—physical, cognitive, emotional, and sleep—with patients
experiencing one or more symptoms from one or more categories.

e The use of multiple evaluation tools, such as symptom scales and
checklists, balance testing, and neurocognitive testing, may increase
the sensitivity and specificity of concussion identification, although
existing evidence is insufficient to determine the best combination
of measures.

e Traditional neuroimaging techniques, such as computerized to-
mography and magnetic resonance imaging, are of little diagnostic
value for concussions per se, because structural imaging results are
normal in the case of concussions uncomplicated by skull fracture
or hematoma.
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e Newer imaging techniques, such as magnetic resonance spectros-
copy, positron emission tomography, single-photon emission com-
puted tomography, functional magnetic resonance imaging, and
diffusion tensor imaging may be useful in the future for assessing
sports-related concussions, but at present they have not been vali-
dated for clinical use.

e There is some consensus in the literature that both quantitative
electroencephalograph and event-related potential procedures can
detect differences in performance and neural responses in con-
cussed versus non-concussed student athletes in high school and
college even when behavior measures fail. However, these findings
are true for a relatively small set of tasks that assess a limited array
of cognitive abilities. Use of a broader range of tasks that measure
different aspects of cognitive processes is necessary to provide a
comprehensive view of behaviors most likely affected and those
more likely spared by concussion.

e There is little research on the use of serum biomarkers in pediatric
concussion. Although appropriately sensitive and specific serum
biomarkers could be of great diagnostic and prognostic value in
sports-related concussion, there currently is no evidence to support
their use. There is some evidence, however, to suggest that normal
levels of S100B following head injury may predict individuals who
do not have intracranial injury.

e Neuropsychological testing has a long tradition in measuring cog-
nitive function after traumatic brain injury and is one of several
tools (along with symptom assessment, clinical evaluation, and the
like) that may aid in the diagnosis and management of concussions
in youth. Studies of the effectiveness of these tests to predict diag-
nosis and track recovery have had mixed results, and the perfor-
mance of individuals on neuropsychological tests can be influenced
by many factors, including effort and the presence of concussion
symptoms (e.g., fatigue resulting from sleep disturbance). It ap-
pears that high scores on neuropsychological tests, indicating good
cognitive function, are predictive of not having a concussion. In
group studies these tests have been shown to be useful for tracking
cognitive recovery for up to 2 weeks post injury, with a majority
of concussions considered to be resolved by that time. There are
no data on the effectiveness of monitoring recovery in individuals
whose symptoms persist beyond the typical recovery period.

e Reliability studies for computerized neuropsychological tests are
quite variable, with some studies demonstrating adequate reli-
ability and some indicating less than adequate reliability. There
are many possible reasons for the variability, including different
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sample sizes, unknown testing conditions, and variable item pools.
Most computerized tests produce multiple forms through a quasi-
randomization of items. All commercial test batteries reviewed had
some studies indicating acceptable reliability.

e Expert consensus opinion is that an individualized treatment plan
including physical and cognitive rest is beneficial for recovery from
concussion. There is little empirical evidence to indicate the optimal
degree and duration of physical rest needed to promote recovery or
the best timing and approach for returning to full physical activ-
ity, including the use of graded return-to-play protocols. However,
there is evidence that the brain is more susceptible to injury while
recovering; thus, common sense dictates reducing the risks of a
repeat injury. Similarly, there is little evidence regarding the efficacy
of cognitive rest following concussion or to inform the best timing
and approach for return to cognitive activity following concussion,
including protocols for returning students to school.

e Randomized controlled trials or other appropriately designed stud-
ies on the management of concussion youth are needed in order
to develop empirically based clinical guidelines, including studies
to determine the efficacy of physical and cognitive rest following
concussion, the optimal period of rest, and the best protocol for
returning individuals to full physical activity as well as to inform
the development of evidence-based protocols and appropriate ac-
commodations for students returning to school.
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Treatment and Management of
Prolonged Symptoms and
Post-Concussion Syndrome

Most young people who sustain a concussion during active play or
sports naturally progress from the injury event through a period of symp-
tom resolution, followed by a return to full normal activities. As discussed
in Chapter 3, in 80 to 90 percent of cases, individuals’ symptoms resolve
within 2 weeks (Makdissi et al., 2010; McClincy et al., 2006; McCrea et al.,
2009, 2013; McCrory et al., 2013), although recovery within that period
appears to be somewhat slower for adolescents ages 13 years through high
school than for college-age athletes (Covassin et al., 2010; Eisenberg et
al., 2013; Field et al., 2003; McClincy et al., 2006). In 10 to 20 percent of
individuals, however, concussive symptoms persist for a number of weeks,
months, or even years. These individuals may be said to be experiencing
post-concussion syndrome (PCS). This chapter reviews the diagnostic defi-
nitions of PCS, potential early predictors of prolonged recovery, and the
symptomatology and management of individuals with prolonged recovery
or PCS. The chapter addresses those areas described in the statement of task
that pertain to risk factors for PCS; the cognitive, affective, and behavioral
changes that may occur during the subacute and chronic posttraumatic
phases; and the treatment and management of PCS. The committee’s charge
did not include the development or recommendation of specific clinical
practice guidelines. Given that, the chapter is limited to a review and dis-
cussion of the available literature on the treatment and management of
individuals experiencing prolonged recovery from a concussion.!

IA number of groups are engaged in the ongoing development of practice guidelines for
concussion (Giza et al., 2013; Harmon et al., 2013; McCrory et al., 2013).
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DIAGNOSTIC DEFINITION

Post-concussion syndrome is the persistence of a constellation of physi-
cal, cognitive, emotional, and sleep symptoms beyond the usual recovery
period after a concussion. The World Health Organization’s International
Classification of Diseases, 10th revision (ICD-10), defines PCS? as

a syndrome that occurs following head trauma (usually sufficiently severe
to result in loss of consciousness) and includes a number of disparate
symptoms such as headache, dizziness, fatigue, irritability, difficulty in
concentration and performing mental tasks, impairment of memory, in-
somnia, and reduced tolerance to stress, emotional excitement, or alcohol.
(WHO, 2010, F07.2)

The Diagnostic and Statistical Manual of Mental Disorders (DSM) no
longer contains a specific entry for “postconcussional disorder.” Instead,
the fifth edition of the DSM captures persistent concussive symptoms un-
der “neurocognitive disorder due to traumatic brain injury” (APA, 2013,
pp. 624ff). The diagnostic criteria specify that the neurocognitive disorder
must persist “past the acute post-injury period.” There is concern that the
symptoms associated with the diagnostic criteria for PCS are nonspecific
and that they frequently occur in the absence of head injury and in conjunc-
tion with other psychiatric conditions (Ruff, 2011).

SHORT-TERM PREDICTORS OF A PROLONGED
SYMPTOMATIC PERIOD POST CONCUSSION

Several studies have looked at different approaches to predicting which
athletes will be most likely to have a prolonged recovery (typically more
than 2 weeks post injury). A study of high school and college athletes with
concussions found that loss of consciousness, posttraumatic and retrograde
amnesia, and greater symptom severity (an increase of 20 points or more on
the Graded Symptom Checklist) within the first 24 hours following injury
were associated with longer recoveries (7 or more days) (McCrea et al.,
2013). The researchers also found that demographic variables, competition
level (high school versus college), player position, mechanism of injury,
concussion history, and acute scores on the Standardized Assessment of
Concussion (SAC) and the Balance Error Scoring System (BESS) tests were
not predictive of a longer recovery time (McCrea et al., 2013).

Chrisman and colleagues (2013) used High School RIO™ data to
identify predictors of prolonged symptoms, defined as lasting 7 or more
days, in high school athletes. Presenting with four or more symptoms

2The ICD-10 uses the term “postconcussional syndrome.”
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of concussion doubled the risk of prolonged symptoms. A history of prior
concussion doubled the risk for prolonged symptoms in football players
only. Symptoms of drowsiness, nausea, and concentration problems were
associated with prolonged symptoms in all athletes, while sensitivity to light
and noise was associated with prolonged symptoms only in non-football
players. Amnesia was a risk factor only in males, and, contrary to the
findings of McCrea and colleagues (2013), loss of consciousness was not a
predictor of prolonged symptoms.

Iverson (2007) studied 114 concussed high school football players and
found that slower-to-recover concussed athletes (those taking more than 10
days to recover) were more likely to have low scores on three neuropsycho-
logical tests (visual memory, reaction time, and processing speed). Lau and
colleagues (2011b) examined 107 male high school football athletes who
experienced a concussion and were divided into those with rapid (defined
as <7 days) or prolonged (=21 days) recovery. On-field dizziness was associ-
ated with a 6.3-fold increase in the odds of a prolonged recovery.

Related reports on the same sample that compared those with short
(€14 days) and prolonged (>14 days) recovery found that abnormal scores
on both Immediate Post-Concussion Assessment and Cognitive Testing
(ImPACT) neurocognitive testing and the Post-Concussion Symptom Scale
(PCSS) at 2 days after injury could identify those who would have a pro-
longed recovery (Lau et al., 2011a, 2012). In an attempt to quantify the
predictive value of symptoms and test scores for identifying protracted
recovery, Lau and colleagues (2011a) followed 108 male high school foot-
ball players from the time of their first post-injury evaluation (median of
2 days) until they returned to play. The athletes were classified as having a
protracted recovery (>14 days; n=50) or a short recovery (<14 days; n=58).
Symptom clusters and neurocognitive composite scores used together had
the highest sensitivity (65.22 percent), specificity (80.36 percent), positive
predictive value (73.17 percent), and negative predictive value (73.80 per-
cent) in predicting protracted recovery. Neither the symptom clusters nor
the cognitive test scores alone provided adequate discriminating power.
There was a net 24.41 increase in sensitivity when using neurocognitive
testing and symptom clusters together compared with using total symptoms
on PCSS alone.

A study of concussion in Australia elite football players found that
delayed return to sport (i.e., more than 7 days) was associated with greater
symptom load, headaches lasting more than 60 hours, and self-reported
fatigue and fogginess (Makdissi et al., 2010). Youth with a history of mul-
tiple concussions also are at greater risk for prolonged recovery and PCS
(Collins et al., 2002; Eisenberg et al., 2013; Guskiewicz et al., 2003; Kerr
et al., 2012; Schatz et al., 2011; Zemper, 2003).

Recent imaging studies have begun to examine the role of depressive
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symptoms in predicting clinical outcome and brain abnormalities in indi-
viduals with mild traumatic brain injury (mTBI) (Chen et al., 2008; Maller
et al., 2010; Rao et al., 2012). Functional and structural brain differences
were examined between a group of 40 male athletes in their 20s and 30s
who had a history of three or more concussions, on average, and a control
group of male athletes, none of whom had had a concussion in the past
12 months (Chen et al., 2008). The results showed no performance dif-
ferences between the groups on a working memory task. However, those
individuals with symptoms of both concussion and depression showed
the greatest reduction in activity in their prefrontal regions, an area of the
brain previously implicated in working memory ability. Furthermore, there
was a negative association between activity in this region and depressive
symptoms. In contrast, activity in regions previously implicated in emotion
and mood disorders (e.g., the cingulate, orbitofrontal cortex and hippocam-
pus) was positively correlated with depressive symptoms. A voxel-based
morphometry analysis showed gray matter loss within the cingulate that
negatively correlated with depressive symptoms. Finally, depressive symp-
toms correlated with post-concussive symptoms. These findings suggest
that post-concussive symptoms often co-occur with depression and have a
shared pathology.

A systematic review of 15 prospective studies of sports concussion
and mTBI found that predictors of persistent post-concussive symptoms
included being older (adolescent versus child) and having had initial symp-
toms of headache and loss of consciousness. There also was some evidence
to support premorbid conditions as contributing to symptom persistence
(e.g., previous concussions, learning difficulties, psychiatric difficulties)
(Zemek et al., 2013). The most comprehensive prospective study of sports
concussion in youth found that prolonged symptoms were predicted by loss
of consciousness, posttraumatic amnesia, and high initial levels of symp-
tomatology (McCrea et al., 2013). A recent emergency department-based
prospective study found that previous concussions, high levels of initial
symptoms, ages greater than 13 years, and an absence of loss of conscious-
ness predicted symptom persistence (Eisenberg et al., 2013). In that study,
there was a dose-response relationship between the number of concussions
(two or more versus one or fewer concussions) and how long the symptoms
lasted, and a prior concussion that occurred within the previous year was
associated with an increased risk for prolonged symptoms (Eisenberg et
al., 2013).
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SYMPTOMATOLOGY IN PROLONGED RECOVERY
AND POST-CONCUSSION SYNDROME

Aside from their duration, the symptoms experienced by individuals
with prolonged recovery or PCS are the same as those experienced in the
acute phase of the injury (e.g., physical, cognitive, emotional, and sleep),
and the same symptom scales and checklists are used to assess and monitor
individuals with persistent symptoms (see Chapter 3). There has been one
carefully conducted, controlled prospective study of sports concussions in
high school and college athletes, with high school students making up about
two-thirds of the concussed athletes (n=570) and of the non-concussed
athlete controls (n=166) (McCrea et al., 2013). Athletes had been given
baseline, preseason testing with respect to symptoms using the Graded
Symptom Checklist (GSC), postural stability using the BESS, and cognitive
function using the SAC and paper-and-pencil neuropsychological testing.
Symptom, cognitive, and postural recovery were assessed at baseline, the
time of injury, 2 to 3 hours post injury, several times during the first week
following injury, and at 45 or 90 days post injury.> Neuropsychological
testing was done at baseline, 1 to 2 days and 1 week post injury, and at
day 45 or 90 post injury. The athletes were divided into prolonged recovery
(PR), typical recovery (TR), and non-concussed (NC) groups. Athletes were
assigned to the TR group if their total GSC change score from baseline to
post-injury day 7 was with within the 95th percentile of change score for
the NC over the same period of time (i.e., a change score on the GSC of 5
or less). Athletes were assigned to the PR group if they had a change score
on the GSC of 6 or greater between baseline and post-injury day 7.

Based on these criteria, 10 percent of the concussed athletes were as-
signed to the PR group. There were no baseline differences among the
groups with respect to demographics, prior concussion history, or base-
line testing in the symptomatic, cognitive, postural, or neuropsychological
domains. The PR group had higher levels of symptoms at all assessment
points, while the TR group’s GSC scores were higher than those of the NC
group at day 3, but not beyond that point (see Figure 4-1). Cognitive testing
using the SAC showed that the PR group demonstrated differences from the
other two groups through day 7, while the TR group had normalized by
day 2 (see Figure 4-2). The trajectories of postural stability converged after
the 3-hour point and at no point differentiated the PR from the TR groups
(see Figure 4-3). The vast majority of neuropsychological measures did
not discriminate across recovery groups, and none discriminated between
recovery groups and controls at any time-points.

3Over the course of the 10-year study, the remote recovery assessment point changed from
90 to 45 days.
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Predictors of prolonged recovery included loss of consciousness (odds
ratio=4.2, 95% confidence interval, 2.1-8.2); retrograde amnesia (odds
ratio=2.2, 95% confidence interval, 1.2-4.1); and posttraumatic amnesia
(odds ratio=1.8, 95% confidence interval, 1-3.3). Also, an increase in the
GSC of 20 or more from baseline to either the 2- to 3-hour assessment or
day 1, conferred a nearly threefold increased risk of a prolonged recovery.
At 45 or 90 days following injury, 23 percent of the PR group versus only
5 percent of the TR group had symptoms higher than the control recovery
trajectory. In a companion study, the same research group showed that
post-concussion migraine was associated with increased symptoms through
day 7 but not beyond (Mihalik et al., 2013). Interestingly, although females
were more likely to experience posttraumatic migraine, a history of previ-
ous migraine was rare in this sample and not contributory to risk.

Another study, which included youth with sports-related concussion as
well as other types of mTBI, described the phenomenology and trajectory of
different symptom clusters. The study, which looked at PCS symptomatol-
ogy across four categories (cognitive, somatic, emotional, and behavioral)
in children ages 8 to 15 years with mTBI, found that children experiencing
prolonged recovery consistently self-reported the presence of symptoms in
the somatic and cognitive categories, while parents reported the observation
of emotional as well as somatic and cognitive symptoms in their children
(Ayr et al., 2009). Although the majority of participants in the study had
sports- or recreation-related injuries, 10 percent had Glasgow Coma Scale
scores of less than 15; 39 percent experienced a loss of consciousness (for
a median time of 1 minute, with a range of 0 to 15 minutes); and abnor-
malities on neuroimaging, which are indicative of more severe injury than
that generally associated with sports-related concussion, did not exclude
individuals from the study.

Evaluation of PCS symptoms poses a number of challenges. The experi-
ence of and reporting of symptoms are, by nature, subjective; the symptoms
associated with PCS are not specific for the condition; and the symp-
toms are prevalent among the general pediatric population. In some cases,
persistent symptoms appear to be an extension of symptoms experienced
during the acute phase of the injury that are taking longer than usual to
resolve; in other cases, because preexisting conditions or a prior history
of problems (e.g., sleep, headache, attentional problems) are predictors of
prolonged recovery, a concussion may trigger a recurrence of symptoms or
exacerbate an ongoing problem (Leddy et al., 2012). The lack of compre-
hensive longitudinal studies of sports concussions makes it difficult to more
precisely delineate the predictors and symptomatic correlates of recovery
and persistence of post-concussive symptoms.

The interrelationship among PCS symptoms poses another challenge
for evaluating the condition. Research has shown disturbed sleep to be re-
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FIGURE 4-1 Symptom recovery curve.

NOTES: Figure compares typical recovery (dashed line), prolonged recovery (solid
line), and normal control (dotted line) groups. Group x time interaction, p<.001.
Higher scores indicate more severe symptoms on the GSC. Error bars indicate 95
percent confidence interval.

3HR = 3 hours post injury; CC = time of concussion; GSC = Graded Symptom
Checklist.

SOURCE: McCrea et al., 2013, p. 26. Copyright © 2012 The International Neuro-
psychological Society. Reprinted with the permission of Cambridge University Press.

lated to poorer functional outcomes and pain (Milroy et al., 2008; Tham et
al., 2012). There is also growing evidence that sleep insufficiency or impair-
ment negatively affects children’s learning and behavior (Archbold et al.,
2004; Blunden et al., 2001; Gozal and O’Brien, 2004; Sadeh et al., 2003).

Pain, particularly chronic headache, is very common in cases of traumatic
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Cognitive Recovery
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FIGURE 4-2 Cognitive recovery curve.
NOTES: Figure compares typical recovery (dashed line), prolonged recovery (solid
line), and normal control (dotted line) groups. Group x time interaction, p<.001.
Lower scores indicate poorer cognitive test performance on the SAC. Error bars
indicate 95 percent confidence interval.
3HR = 3 hours post injury; CC = time of concussion; SAC = Standardized Assess-

ment of Concussion.
SOURCE: McCrea et al., 2013, p. 26. Copyright © 2012 The International Neuro-
psychological Society. Reprinted with the permission of Cambridge University Press.

brain injury (TBI), and it is actually more common in those with mTBI than
in those with moderate or severe TBI (Blume et al., 2012; Nampiaparampil,
2008). Concussed high school athletes with headaches 7 days following
an injury performed more poorly on neurocognitive testing than did those
without headaches (Collins et al., 2003).
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FIGURE 4-3 Postural stability recovery curve.

NOTES: Figure compares typical recovery (dashed line), prolonged recovery (solid
line), and normal control (dotted line) groups. Group x time interaction, p<.001.
Higher scores indicate poorer balance test performance on the BESS. Error bars
indicate 95 percent confidence interval.

3HR = 3 hours post injury; BESS = Balance Error Scoring System; CC = time of

concussion.
SOURCE: McCrea et al., 2013, p. 26. Copyright © 2012 The International Neuro-
psychological Society. Reprinted with the permission of Cambridge University Press.

Depression has also been associated with concussions up to 14 days
post injury in high school and collegiate athletes and has been related to
lower neurocognitive performance (Kontos et al., 2012). Researchers us-
ing functional imaging and diffusion tensor imaging (DTI) have begun to
examine commonalities in the brain circuitry implicated in depression and
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in mTBIL In a review of 57 DTI studies (40 of TBI and 17 of depression),
none of which examined depressive symptoms following TBI, common
white matter irregularities were identified in frontotemporal regions of the
brain, the internal capsule, and the corpus callosum (Maller et al., 2010).
Subsequently a longitudinal study of 14 individuals ages 18 to 65 years with
mTBI and no history of previous major depression or previous brain injury
was completed. DTI measures were attained within 1 month of injury to ex-
amine the predictive validity of DTI for later depression. The results showed
an association between Hamilton D ratings of depression over the course
of the 1-year follow-up and microstructural abnormalities (lower fractional
anisotropy and higher mean diffusivity) in frontotemporal regions of the
brain within 1 month of the injury (Rao et al., 2012). Together these find-
ings suggest an overlapping neural circuitry of depression and brain injury
with frontotemporal neural circuitry that may increase the risk for depres-
sion following brain injury. Depressive symptoms following concussions
may be associated with structural and functional brain changes, which
may inform the treatment of depression and improve outcomes following
brain injury.

Recently much attention has been paid to the long-term relationships
between sports-related concussions and suicide, but there has been almost
no focus on the risk for depression and suicidal behavior during the im-
mediate (e.g., first week) and subsequent post-concussion recovery period.
Only one study was identified that has examined the prevalence of suicidal
ideation in athletes undergoing preseason testing (Bailey et al., 2010). In
this study, 47 collegiate football players ages 17 to 19 were screened as
part of preseason testing with the Concussion Resolution Index—a com-
puterized neurocognitive test (see Chapter 3)—and the Personality Assess-
ment Inventory. Significant correlations were found for subscales of the
Personality Assessment Inventory with neurocognitive testing. Specifically,
suicidal ideation was correlated with slower simple and complex reaction
times. Although 23 percent of the sample had had a previous concussion,
the relationship between concussion history and suicidal ideation was not
assessed. There are no data to evaluate the short-term risk of suicide or
suicidal behavior following sports-related concussions, in part because
the extant longitudinal studies have primarily focused on post-concussion
symptom inventories, which do not assess suicidal ideation or neurocogni-
tive performance.

A study of the emotional responses of collegiate athletes following
concussion or musculoskeletal injury found that the emotional profile of
the concussed athletes exhibited significantly elevated fatigue and decreased
vigor, while athletes with musculoskeletal injuries exhibited significant
increases in anger, which resolved to a pre-injury level within 2 weeks
(Hutchison et al., 2009).
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CLINICAL MANAGEMENT OF PROLONGED SYMPTOMS
AND POST-CONCUSSION SYNDROME

There are few interventions available for addressing prolonged recovery
or PCS following concussion. Individuals experiencing prolonged symptoms
following concussion may be prescribed pharmacologic or other interven-
tions for the treatment of specific symptoms, but the research on such
interventions as well as on more general rehabilitative interventions for
prolonged recovery following concussion is limited, especially for youth,
as is research on the appropriate time to begin interventions.

Role of Exercise in Management of Persistent Symptoms

There is some evidence that noncontact aerobic exercise may play a
role in the rehabilitation of individuals experiencing a prolonged recovery
or PCS. As long as the individual avoids additional impacts during the
window of vulnerability for repeat injury (see Chapters 2, 3, and ), it ap-
pears that exercise will not negatively affect outcomes in youth recovering
from sports-related concussion (McCrea et al., 2009). Although there are
no randomized controlled trials (RCTs) studying the effects of exercise
in youth with a prolonged recovery following sports-related concussion,
studies in animals suggest that the use of exercise may be beneficial in the
management of individuals with a prolonged recovery and warrants further
research.

Animal studies suggest that exercise increases brain chemicals that
promote neuroplasticity and neurogenesis; decreases oxidative stress, which
can impair brain cell function and lead to cell death; and reduces neuro-
inflammation and cognitive dysfunction (Carro et al. 2001; Cotman and
Berchtold, 2002; Ding et al., 2004, 2006; Griesbach et al., 2004; Neeper et
al., 1995; Piao et al., 2013). In addition, exercise appears to have a benefi-
cial effect on depression in adults (Rimer et al., 2012) and also appears to
help prevent depression and anxiety in children and adolescents (Larun et
al., 2006), but little is known about the role it might play in the prevention
or treatment of post-concussive symptoms. Preliminary studies of the use of
exercise to help reduce persistent symptoms following a concussion show
there may be a positive effect (Gagnon et al., 2009; Leddy et al., 2010,
2013; Schneider et al., 2013).

The only experimental study of exercise and post-concussive symptoms
that has been performed to date examined the impact of exercise on 12
adults with refractory PCS (6 athletes, 6 non-athletes) using a randomized,
cross-over design. The exercise condition was associated with a reduction
in symptoms of PCS, and that decline was correlated with peak exercise
heart rate (Leddy et al., 2010). One additional suggestive study used func-
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tional magnetic resonance imaging (fMRI) to observe three groups of four
subjects each—adults with PCS who engaged in aerobic exercise treatment,
PCS patients treated with “flexibility training,” and normal controls—as
they performed a cognitive task (Leddy et al., 2013). The PCS exercise
group showed fewer symptoms at follow-up than did the PCS “flexibility”
group, and the exercise group’s fMRI during the cognitive task normalized,
whereas the PCS “flexibility” group did not. Although both of these studies
are much too small to be definitive, they do suggest that it would be valu-
able to conduct further studies of the role of exercise in facilitating recovery
in pediatric patients with PCS.

Symptom Management

The literature reports various interventions for the management of
persistent symptoms of concussion and PCS, although the data to sup-
port the efficacy of these interventions in individuals, especially children
and adolescents, with sports-related concussions are limited, with virtually
no data stemming from RCTs (Giza et al., 2013; Makdissi et al., 2013;
Management of Concussion/mTBI Working Group, 2009; Petraglia et al.,
2012; Schneider et al., 2013). No RCTs have been conducted to assess the
effectiveness of symptom-specific interventions in managing difficulties with
sleep, emotional issues (e.g., depression, anxiety), problems with cognition,
or headaches in children and adolescents suffering from persistent symp-
toms of concussion or PCS, and therefore there are insufficient data to show
that any intervention enhances recovery or prevents long-term sequelae
(Pangilinan et al., 2010). The evidence base underlying post-concussive
symptom management in youth includes (1) a quasi-experimental study
targeting cognitive symptoms in concussed adolescents with amantadine
(Reddy et al., 2013) and open trials in adults with posttraumatic headache
following either sports concussion or mTBI (Makdissi et al., 2013; McBeath
and Nanda, 1994; Packard, 2000; Weiss et al., 1991); (2) RCTs using cogni-
tive behavior therapy for PCS in adults with mild to moderate TBI, which
have been suggestive of a beneficial effect, although all of the studies have
had methodological limitations (reviewed in Al Sayegh et al., 2010); and
(3) RCTs for symptoms similar to PCS in children and adolescents without
a history of concussion, as discussed in the following paragraph.

There are RCTs for the management of such difficulties in non-
concussed pediatric populations, but it is currently not known whether
these medications and psychotherapeutic interventions would be as effective
in concussed youth. For example, cognitive behavioral therapy (CBT) and
melatonin have been demonstrated to be efficacious for the management
of insomnia in non-concussed youth (Bendz and Scates, 2010; Clarke and
Harvey, 2012; Cortesi et al., 2012; Galland et al., 2012; Gradisar et al.,
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2011; Hollway and Aman, 2011; Paine and Gradisar, 2011; Quach et al.,
2011); cognitive behavioral therapy and selective serotonin reuptake inhibi-
tors have been shown to be efficacious for depression and anxiety (Birmaher
et al., 2007; Strawn et al., 2012; Walkup et al., 2008); stimulants have been
shown to be helpful for attention and concentration difficulties (Vaughan
and Kratovil, 2012); and modest evidence supports the use of certain anti-
epileptic and calcium channel agents for pediatric migraine (Eccleson et al.,
2012; Papetti et al., 2010). It is logical to consider these agents for testing
in concussed youth who present with post-concussive symptoms.

Cognitive and psychoeducational interventions early in the course of
mTBI, including in pediatric populations, have been shown to decrease
symptomatology upon follow-up, but no studies have been done in con-
cussed youth. Ponsford and colleagues (2001) randomized youth with mTBI
(but with more severe injuries than most sports concussions, because their
Glasgow Coma Scale scores were 13 to 15) to either receiving an educa-
tional booklet describing expectable course and coping procedures or treat-
ment as usual. At 3-month follow-up, the youth whose parents received the
intervention were less symptomatic than were those in the control group.
In adults with mTBI, both unselected and in those deemed to be at “high
risk” for PCS, those who received CBT intervention delivered shortly after
the injury reported a faster and more complete recovery (Mittenberg et al.,
1996; Silverberg et al., 2013). Multifaceted approaches to rehabilitation
following a concussion may aid in recovery by addressing the individual’s
physical, social, and psychological well-being (Bloom et al., 2004; Gagnon
et al., 2009; Johnston et al., 2004).

EFFECTS OF PROLONGED RECOVERY ON FAMILY

It is important to note the potential effects of prolonged recovery from
concussion on the injured person’s family as well. Pediatric TBI, particu-
larly of greater severity, is associated with significant family burden, which
in turn can influence child outcomes (Peterson et al., 2013; Rivara et al.,
1996). But even the symptoms associated with concussions can disrupt
family patterns (Snedaker, 2013). Parents may need to take time off from
work to care for a concussed child, who in turn may, if an adolescent, sud-
denly find him- or herself in need of care at a time when he or she is other-
wise becoming increasingly independent. Conversely, siblings may receive
disproportionately less time and attention from parents (Snedaker, 2013).
Wade and colleagues (2006a,b) reported improvements in behavior in chil-
dren with moderate to severe TBI and reduction in global distress, depres-
sion, and anxiety in parents following family-centered problem solving and
online parent interventions respectively. However, the effects on families of
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prolonged recovery from concussion in children have not been systemati-
cally studied and interventions have not been tested in such families.

ACCESS TO CARE FOR INDIVIDUALS
WITH PROLONGED RECOVERY

It is important for individuals with a concussion to receive care from
providers knowledgeable about concussions, and a number of state con-
cussion laws require that high school athletes with a concussion be cleared
to return to play by providers knowledgeable in concussion diagnosis and
management. Individuals experiencing a prolonged recovery may have a
particular need for knowledgeable and coordinated management of their
symptoms. During the past several years, there has been a proliferation of
clinics around the United States specializing in the management of youth
with sports-related concussion (Pennington, 2013). However, access to this
sort of specialized concussion care may be limited for youth who lack suf-
ficient health insurance or financial resources as well as for those living in
areas where such specialized care is not readily available. The latter may
include individuals living in rural areas of the United States and, poten-
tially, military personnel and their dependents who are stationed in other
countries.

Telemedicine (i.e., the use of technology to provide medical consul-
tation over a distance) may be a way to provide access to specialized
concussion care for some individuals who would otherwise be unable to
access such services. The military and Department of Veterans Affairs (VA)
Veterans Health Administration have implemented the use of technologies
(e.g., Web-based applications, interactive video teleconferencing, electronic
health records) to assist in the identification, acute and long-term manage-
ment, and rehabilitation of individuals with TBI in military and VA settings
(Girard, 2007). Telemedicine has been found to be effective in the examina-
tion and treatment of stroke victims by permitting evaluation of the patient
by a stroke specialist at a remote location, who then directs treatment of
the patient by local providers (Schwamm et al., 2009). The Mayo Clinic in
Arizona, which has telemedicine programs for stroke, epilepsy, and neurol-
ogy (Mayo Clinic, 2011), implemented a “teleconcussion” pilot program
in 2011 to help provide concussion expertise to patients and their provid-
ers in rural areas of Arizona (Vargas et al., 2012). Research is needed to
validate the safety and efficacy of telemedicine for concussion identification
and management.
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FINDINGS

The committee offers the following findings concerning the treatment
and management of prolonged symptoms and PCS:

e Typically youth athletes recover from a concussion within 2 weeks
of the injury, but in 10 to 20 percent of cases the symptoms of
concussion persist for a number of weeks, months, or even years.

e Short-term predictors of prolonged recovery and PCS vary across
studies but appear to include older age (adolescent versus child),
high initial symptom load, initial presenting symptoms of amnesia
and loss of consciousness, and some evidence to support premorbid
conditions as contributing to symptom persistence (e.g., previous
concussion, learning difficulties, psychiatric difficulties).

e There is a paucity of prospective studies on the course of recovery
for youth from sports concussion, and none of these include pre—
high school athletes.

e There are no randomized clinical trials testing the efficacy of
psychosocial or psychopharmacological treatments for children
and adolescents with post-concussive symptoms and prolonged
recovery.

e There currently are no data to evaluate the relationship between
concussion history and risk of suicide in young athletes because ex-
isting post-concussion symptoms inventories do not assess suicidal
ideation.
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Consequences of Repetitive Head
Impacts and Multiple Concussions

In recent years there has been an increase in research on the cogni-
tive and neuropathological consequences of repetitive head impacts and
multiple concussions in athletes. Given the frequency of head impacts in
contact sports, the public health implications of these consequences may
be significant. This chapter addresses those elements of the committee’s
statement of task that concern the effects of “subconcussive” head im-
pacts (i.e., head impacts that do not result in symptoms consistent with
a diagnosis of concussion) and multiple concussions. The chapter reviews
the clinical manifestations, neuroimaging features, risk factors, and animal
studies related to repetitive head impacts and multiple concussions. It also
discusses the possible long-term neuropathological consequences associated
with repetitive head impacts and multiple concussions, including chronic
traumatic encephalopathy (CTE), an emerging diagnostic entity associated
with retired athletes with a history of head injury as well with as military
personnel exposed to repeated brain injury from blast and other causes. The
goals of this chapter are to provide a comprehensive review of the current
literature, to clarify controversies, and to point out important directions
for future research.

NEUROPSYCHOLOGICAL AND
NEUROPHYSIOLOGICAL CONSEQUENCES

Studies of Repetitive Head Impacts

As with much of the clinical literature on the consequences of concus-
sions in sports, the generalizability of many studies of the effects of repeti-
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tive head impacts is limited by methodological weaknesses. For example,
helmet-based head impact recording devices are typically set to record only
impact forces over a minimum threshold (e.g., 10 g of linear acceleration;
see Duma et al., 2005) and, therefore, do not record all impacts to the head.
Although recent advances in technical, statistical, and clinical knowledge
have helped to improve research on repetitive head impacts, earlier findings
have to be viewed in the context of history: Their importance lies more in
their groundbreaking attempts to quantify relevant variables and not neces-
sarily in their specific findings.

Findings from Soccer Studies

In soccer, athletes experience repetitive head impacts from using their
heads to strike the ball for passing and shooting. Older research involving
amateur and professional soccer players indicated an association between
cumulative heading and neuropsychological impairments (see, for example,
Matser et al., 1998, 1999, 2001; Sortland and Tysvaer, 1989; Tysvaer and
Lochen, 1991). One study of 37 former professional soccer players found
mild to severe deficits in the areas of attention, concentration, memory, and
judgment in 81 percent of the players. The authors speculated that this find-
ing could be indicative of permanent organic brain damage resulting from
repeated traumas from heading the ball (Tysvaer and Lochen, 1991). In
another study involving 53 active professional soccer players, impairments
in memory, planning, and visuo-perceptual tasks were observed and com-
pared with those in non-contact-sport athlete controls. Among the soccer
players, performance on these tasks was inversely related to the frequency
of heading the ball (Matser et al., 1998). Computed tomography scans of
33 former professional soccer players identified central brain atrophy in
one-third of study participants, although scans were only visually inspected,
and there were no baseline or control comparisons (Sortland and Tysvaer,
1989).

Several other studies, including more recent ones, involving youth soc-
cer players have found no effect of heading on neurocognitive performance
(Broglio and Guskiewicz, 2001; Guskiewicz et al., 2002; Kaminski et al.,
2007, 2008; Kontos et al., 2011; Stephens et al., 2010; Straume-Naesheim
et al., 2005). For example, Guskiewicz and colleagues (2002) found no
differences in neurocognitive function or Scholastic Aptitude Test scores
between collegiate soccer players (n=91) and groups of athletes from other
contact and non-contact sports (n=96) or between the collegiate soccer
players and non-athletic controls (n=53), suggesting that soccer players are
not differentially affected by soccer playing (and, by extension, heading).

Furthermore, studies that have directly assessed changes in cognition
related to heading a soccer ball have failed to establish any relationship be-
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tween heading and neurocognitive changes. Following detailed observation
of heading frequencies by 63 high school soccer players and the adminis-
tration of Immediate Post-Concussion Assessment and Cognitive Testing
(ImPACT), Kontos and colleagues (2011) found no differences in neurocog-
nitive performance or symptoms among low-, moderate-, and high-exposure
header groups. Similarly, Putukian and colleagues (2000) found no changes
in neuropsychological test scores between pairs of collegiate soccer players
who headed the ball in practice for 20 minutes compared with those who did
not head in practice. Kaminski and colleagues conducted two studies with
71 (2007) and 393 (2008) female collegiate soccer players. Using heading
counts as the independent variable and pre- and post-season balance and
neuropsychological tests to determine neuropsychological changes, they
found no significant relationships on any test measure.

Early research using magnetic resonance imaging (MRI) and cognitive
tests found no significant cognitive impairments or differences on MRI
scans among soccer players, boxers, and track and field athletes (Haglund
and Ericksson, 1993). In a recent study using diffusion tensor imaging
(DTT) scans on 12 German soccer players and 11 swimmers, several group
differences in brain white matter were noted, including increased radial
diffusivity and axial diffusivity in soccer players compared to swimmers
(Koerte et al., 2012). Although the authors of the study suggest that head-
ing in soccer may lead to neurophysiological changes in the brain, this
study’s generalizability is limited because of the small number of partici-
pants and because it did not include a baseline scan. Furthermore, it is not
clear what the functional significance of such findings would be.

In summary, studies of the consequences of heading in soccer have
obtained mixed results, with more recent studies showing no relationship
between heading and neuropsychological impairment. The positive findings
of some older studies may have been due in part to the more frequent use
in the 1980s and 1990s of soccer balls that absorbed more water, increas-
ing the weight of the ball by up to 20 percent and potentially making them
more dangerous for heading (Smodlaka, 1984). Today, players use water-
proof synthetic soccer balls that absorb less water (Kirkendall and Garrett,
2001). The DTI study (Koerte et al., 2012) appeared to show neurological
differences in a very small sample. Due to small sample sizes and other
methodological limitations, caution is required in interpretation of these
studies’ findings.

Findings from Football and Ice Hockey Studies

As is the case with soccer players, football and ice hockey players can
incur repetitive head impacts (Brainard et al., 2012; Crisco et al., 2010,
2011, 2012). For example, a lineman in football who tackles another
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player with his head in successive plays experiences a series of repetitive
head impacts. Hockey players may experience repetitive head impacts from
collisions with the board and with other players.

McAllister and colleagues (2012) examined repetitive head impacts over
a single season in collegiate football and ice hockey athletes and compared
those athletes with a group of athletes who played a non-contact sport on
a variety of measures. Contact athletes wore accelerometer-instrumented
helmets and took pre- and post-season ImPACT tests. A subset from one
of the three Division I universities also completed a paper-and-pencil neu-
ropsychological battery and had preseason and postseason neuroimaging.
There were no group differences on cognitive tasks over a sport season. The
researchers also examined baseline neurocognitive tests scores across three
sport seasons and found no differences on baseline assessments among the
sport groups, suggesting that previous exposures to contact did not affect
test scores negatively. However, the researchers did report that a higher
percentage of the contact sport athletes performed worse than those in
the non-contact group on a measure of new learning (California Verbal
Learning Test), with no ImPACT composites showing significant change.
Furthermore, the authors found that impact exposure above the 95th per-
centile in frequency during the last week of the season was related to poorer
performance on the Trail Making test, a measure of visual attention and
task switching, and that the peak linear acceleration for the season was
related to slower IMPACT reaction times. A relationship among recent bio-
mechanical exposures, brain white matter integrity, and lower scores was
also found, although the absolute value of (significant) test score decline
did not reach impairment level.

Other studies of the effects of repetitive head impacts in high school
and collegiate football players have found no association with neurocog-
nitive impairment or physiological changes (see, for example, Broglio et
al., 2011; Gysland et al., 2012; Miller et al., 2007). However, these stud-
ies all have methodological weaknesses. Only McAllister and colleagues
(2012) used non-contact controls and adjusted neurocognitive test scores
for practice effects, baseline levels, regression to the mean, and relevant
demographic factors, while also comparing seasonal exposure and recent
exposures across biomechanical measurements of magnitude and frequency.

A few small studies of high school and collegiate football and hockey
players have looked at DTI, neurocognitive test scores, and biomechanical
data; these have found axonal changes but mixed neuropsychological find-
ings (Bazarian et al., 2012; Breedlove et al., 2012; Talvage et al., 2010).
Evidence for the effects of repetitive head impacts on diffuse axonal injury
in humans comes largely from DTI studies that measure directionality (frac-
tional anisotropy, or FA) and regularity (mean diffusivity, or MD) of white
matter tracts. This technique showed pre-season to post-season changes in
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a small sample of high school athletes (n=10, 16 to 18 years old, hockey
or football) relative to controls (n=5, 16 to 35 years old) following self-
reported repetitive head impacts (Bazarian et al., 2012). While pre- and
post-season FA and MD changes (calculated as the percentage of white
matter voxels showing either a significant increase or a significant decrease)
were largest in a concussed player with greater than 3 percent change, those
athletes with repetitive head impacts had intermediary changes of more
than 1 percent on average, while the controls had insignificant changes of
less than 0.5 percent on average. These findings warrant further investiga-
tion in larger samples with same-aged comparison groups.

Traumatic brain injury may result in disruption of the blood-brain bar-
rier (i.e., increased permeability of the brain vasculature) (Neuwelt et al.,
2011). Marchi and colleagues used DTI and serum measurements of S100B
(a protein secreted by cells in the central nervous system and used as a
marker of blood-brain barrier disruption [Blyth et al., 2009, 2011; Marchi
et al., 2004]) and S100B auto-antibodies, to evaluate whether head impacts
below the threshold for a diagnosis of concussion can disrupt the blood-
brain barrier. Sixty-seven college football players were enrolled. In a subset
of players (n=15) for whom pre- and post-game blood samples were avail-
able, only those players with the most subconcussive head impacts based
on self-report and post-game review of the game film had detectable serum
levels of S100B and elevated levels of auto-antibodies against ST00B. Serum
S100B antibodies predicted lasting changes in mean brain white matter dif-
fusivity in a subset of players (n=10) who had preseason and postseason
and 6-month follow-up DTI scans. Post-season S100B auto-antibodies also
correlated with impulse control and balance problems. Although the study
sample is too small to make firm inferences, this research provides prelimi-
nary evidence that repetitive head impacts that do not result in a diagnosis
of concussion may disrupt the blood-brain barrier. It is important to note
that there are sources of serum S100B outside of the central nervous system
(e.g., fat cells), although this does not preclude use of S100B as a biomarker
of brain injury (Marchi et al., 2013).

Functional magnetic resonance imaging (fMRI) studies have begun
to examine blood-oxygen-level dependent brain activity following repeti-
tive head impacts. Talvage and colleagues (2010) prospectively followed
11 male high school football players ages 15 to 19 both preseason and
postseason. A negative association was observed between the number of
subconcussive repetitive impacts to the front of the head and activity in the
prefrontal cortex, as indicated by blood-oxygen-level dependent signals on
the fMRI during the performance of a working memory test. These players
also exhibited neurocognitive deficits as measured by ImPACT scores on
visual memory.

Together these studies suggest changes in cognitive function the brain
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following repetitive head impacts in football and hockey players. However,
the types of cognitive impairment and brain changes that are observed vary
by study, and the results are based on small sample sizes, which raises ques-
tions about the reliability of these studies.

Findings from Boxing Studies

Many youth continue to participate in boxing even though several
medical groups have called for its discontinuation due to the incidence of
brain injury (Purcell and LeBlanc, 2012). Although many youth and ama-
teur boxers wear protective gear and follow rules that are different from
those for professional boxers, a primary goal of boxing is to attack the
head and face of the opponent, which often results in a concussion or more
severe brain injury (Jordan, 1987). Indeed, the association of boxing and
traumatic brain injury (TBI) is very well-recognized in the medical litera-
ture. The so-called punch-drunk syndrome was first recognized as early as
1928 (Wilberger and Maroon, 1989), and it is associated with personality
disturbances, dysarthria, or Parkinson-like disturbances.

There is ample evidence supporting the association of boxing with
chronic traumatic brain injury. Several researchers have found brain abnor-
malities in professional boxers (see, for example, Casson et al., 1984; Drew
et al., 1986; Kaste et al., 1982; Morrison, 1986; Ross et al., 1983). Jordan
and colleagues (1997) examined boxers who had a high exposure to head
contact (defined as having had 12 or more professional bouts) to boxers
with low exposure to head contact (defined by less than 12 professional
bouts) on neurocognitive performance, symptoms, and genetic testing. The
authors reported that athletes with a high exposure to head contact had
lower cognitive function than did those with low head contact exposure.

The largest DTT studies to date on repetitive head impacts are those in-
volving professional boxers (ages 20 to 52), with sample sizes ranging from
24 to 81. Across these studies, microstructural abnormalities were found as
indicated by increased regional and whole brain diffusion and decreased FA
in boxers relative to control subjects (Chappell et al., 2006; Zhang et al.,
2003, 2006). These findings are further supported by a high-resolution MRI
study of 100 boxers (85 with complete data, ages 19 to 42 years) showing
a significant correlation between years of boxing and diffuse axonal injury
(Orrison et al., 2009).

Together these studies suggest that boxing is associated with possible
long-term cognitive decline and axonal injury. Although boxing is an ex-
treme example of a contact sport, the neuropsychological and imaging
findings from studies of boxers supplement those of athletes who play other
contact sports such as football and hockey.
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Studies of Multiple Concussions

As discussed in Chapter 2, there is some evidence from both animal
studies and research involving humans that the brain is at increased risk
while recovering from a concussion. Thus, a repeat injury while recovering
from a prior concussion may occur with less force, take longer to resolve,
and in rare cases lead to catastrophic results (e.g., second impact syndrome)
(Bey and Ostick, 2009; Simma et al., 2013, Slobounov et al., 2007). Indeed,
this is the purpose of the advice “When in doubt, sit them out” (McCrory
et al., 2013). A related concern is the effect of a history of concussions on
cognition and brain physiology. In a retrospective survey of 223 high school
athletes, 20 percent reported a history of at least one concussion (Moser et
al., 2005), suggesting that many youth sustain multiple concussions over
the course of their athletic careers.

The committee reviewed 16 studies that attempted to answer various
questions regarding the effects of multiple concussions. Four additional
studies focused on professional and adult athletes and so were not in-
cluded. Most of the 16 studies assessed the neurocognitive function and
symptom load of “stable” athletes (those not currently concussed) and
compared groups based on the reported histories of previous concussions.
This cross-sectional approach has many limitations, as noted by Iverson
and colleagues (2012). A primary difficulty is finding enough athletes with a
history of three or more concussions to provide sufficient statistical power.
Concussions are a relatively low-base-rate phenomenon, which means that
obtaining a large enough sample of individuals who have sustained multiple
concussions is particularly difficult.

High School-Age Athletes

Five studies of high school athletes compared symptom presentations,
and three compared neurocognitive findings. Schatz and colleagues (2011)
compared baseline symptoms of 251 high school athletes who had no
reported concussions with 260 athletes who had had one concussion and
105 athletes who had had two or more. The athletes with a history of two
or more concussions had significantly more cognitive problems, physical
symptoms, and sleep problems at the time of pre-season baseline evaluation
than those with no history of concussions. On the other hand, in a study of
867 male high school and college athletes with no (n=664), one (n=149),
and two (n=54) previous concussions, Iverson and colleagues (2006) found
no group differences in neuropsychological test performance or symptom
reporting.

Collins and colleagues (2002) attempted to study the effect of previous
concussions in high school athletes by characterizing the on-field signs and
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symptoms of a subsequent concussion. Sixty athletes with no concussion
history were compared with 28 athletes who had had three or more concus-
sions. Those with a history of three or more concussions were significantly
more likely to suffer loss of consciousness, anterograde amnesia, and men-
tal status changes lasting longer than 5 minutes.

Among studies that examined neuropsychological test scores, two had
conflicting results (Iverson et al., 2006; Moser et al., 2005), and two had
too few subjects to have confidence in the results (Elbin et al., 2012; Moser
and Schatz, 2002). Moser and colleagues (2005) compared 82 athletes with
no concussions to 56 with one concussion, 45 with two or more (although
they had had no injuries for at least 6 months), and 40 recently concussed
athletes. Athletes were compared on neuropsychological test scores (Re-
peatable Battery for the Assessment of Neuropsychological Status, Trail
Making). While there was a significant difference between groups, the only
post hoc result reported was that those with two or more concussions were
not different from the recently concussed. Inspection of the data indicates
that scores of the recently concussed athletes were lower than those of the
no- and one-concussion groups. In contrast, Iverson and colleagues (2006)
compared baseline ImPACT scores for 664 athletes with no history of
concussion, 149 with a history of one previous concussion, and 54 with a
history of two. After controlling for education level, no significant differ-
ences were found between the groups.

Overall the findings from studies of the effects of multiple concussions
on high school athletes are mixed. In addition to the number of concus-
sions, the interval between concussions may be an important recovery-
related factor to consider.

College-Age Athletes

Ten studies of college-age athletes were reviewed. Four studies used
symptom presentation as the dependent variable (Collins et al., 1999;
Covassin et al., 2008; Guskiewicz et al., 2003; Iverson et al., 2012). Collins
and colleagues (1999) found increased symptoms among those athletes
with more concussions at baseline, while Guskiewicz assessed the time to
symptom resolution of a current concussion based on the number of previ-
ous concussions. Neither Covassin and colleagues (2008) nor Iverson and
colleagues (2012) found a relationship between symptom levels at baseline
testing and the number of previous concussions. However, among those
studies that looked at neuropsychological test scores, four found signifi-
cant differences between previously concussed and non-concussed athletes
(Collins et al., 1999; Covassin et al., 2008, 2010; De Beaumont et al.,
2009), while four failed to find differences (Broglio et al., 2006; Bruce and
Echemendia, 2009; Guskiewicz et al., 2002; Iverson et al., 2012). Three
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studies had too few cases to be considered (De Beaumont et al., 2007; Elbin
et al., 2012; Killam et al., 2005).

In 1999, Collins and colleagues compared baseline symptom totals
among 179 athletes with no concussion history, 129 with one, and 78 with
a history of two or more. Significant differences were found for symptoms.
The researchers also noted that baseline symptom scores increased with the
frequency of previous concussions. In a large sample of 184 college football
players who suffered concussions, Guskiewicz and colleagues (2003) found
that 30 percent of the athletes with more than three concussions took lon-
ger than 1 week for symptoms to resolve, compared to only 15 percent of
those with one concussion taking more than a week to resolve.

Collins and colleagues (1999) also compared baseline neuropsychologi-
cal test scores. Significant differences were found on two tests of process-
ing speed. However, the average neuropsychological test scores for the
group with two or more concussions were within normal limits. In 2002,
Guskiewicz and colleagues compared collegiate soccer players with histories
of concussion to soccer players, other athletes, and non-athletes with no
histories of concussion. He found no significant differences at baseline on
any of a battery of neuropsychological tests. Broglio and colleagues (2006)
compared baseline test scores of 163 athletes with no history of concus-
sions to 43 athletes with one previous concussion, 18 with two, and 11
with three. The researchers administered both the Concussion Resolution
Index (CRI), an Internet-based neurocognitive test that assesses “simple”
and “complex reaction time and process speed, and InPACT and found no
differences in any scores. The small number of athletes with two or more
concussions limited the study.

Covassin and colleagues (2010) found no differences on any InPACT
composite test between athletes with no previous concussions and those
with one previous concussion. However, both the two-concussion (n=50)
and three-plus concussion (n=48) groups scored significantly lower on the
verbal memory test than did the no-concussion group (n=50); furthermore,
visual memory scores were significantly lower for those with a history of
three or more concussions (n=48) than those with no concussion history.
The authors concluded that they had demonstrated a partial dose-response
relationship for those tests.

In a prospective study Guskiewicz and colleagues (2003) followed a
large sample of collegiate football players over 3 years; of those athletes,
184 experienced concussions during the study. The researchers reported
that athletes with a history of three or more previous concussions had
three times the risk of getting a subsequent concussion than those with no
previous history.

In a study of the effects of concussion history on recovery after a sub-
sequent concussion, Covassin and colleagues (2008) compared post-injury
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neurocognitive test scores 1 day out and 5 days out from the injury between
56 athletes with no previous concussion and 21 with a history of two or
more concussions. While they found significant differences in all four com-
posite scores at day 1 and in two composite scores at day 5 (verbal memory
and reaction time), they did not control for baseline scores or compare the
number of significantly changed scores (CRI) between groups. There were
no symptom level differences at any point.

Methodological differences make comparisons among these studies
difficult. Differences in how concussion history is measured (e.g., two and
more, three and more, etc.) may obscure an important threshold. Variable
controls, small sample sizes, and cross-sectional designs make generaliza-
tions difficult. Group-level studies are mixed in terms of results, and better
methodologies are needed to identify the timing and cumulative effects of
multiple concussions. Longitudinal studies and studies highlighting indi-
vidual differences are lacking. Collaborative studies may be needed to ac-
cumulate larger samples of multiply concussed athletes.

MULTIPLE CONCUSSIONS AND DEPRESSION AND SUICIDE

Surveys of retired professional athletes provide some evidence that a
history of multiple concussions increases risk for depression (Didehbani et
al., 2013; Guskiewicz et al., 2007; Kerr et al., 2012). In a survey of more
than 2,500 retired professional football players, 269 of the respondents
(11.1 percent) reported having had a prior or current diagnosis of clinical
depression. After controlling for parameters such as age, number of years
since retirement, number of years played, physical condition, and diag-
nosed comorbidities such as osteoarthritis, coronary heart disease, stroke,
cancer, and diabetes (but not substance abuse or intervening psychosocial
issues), the authors found an increasing linear relationship between history
of concussion and diagnosis of lifetime depression (p < 0.005). Compared
with retired players with no history of concussion, retired players report-
ing three or more previous concussions (24.4 percent) were three times
more likely to have been diagnosed with depression; those with a history
of one or two previous concussions (36.3 percent) were 1.5 times more
likely to have been diagnosed with depression (Guskiewicz et al., 2007).
In another study of 30 retired professional football players with a history
of concussion versus 29 age- and 1Q-matched controls without a history
of concussion, a significant correlation was observed between number
of lifetime concussions and current cognitive symptoms of depression as
measured by the Beck Depression Inventory II. These findings suggest that
the number of concussions an individual has sustained may be related to
later depressive symptomology (Didehbani et al., 2013). Imaging research
is beginning to explore the relationship between depression symptoms and
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brain white matter abnormalities in retired athletes (Hart et al., 2013;
Strain et al., 2013).

Athletes who retire as a result of suffering multiple concussions may
experience distress and reduced quality of life, similar to outcomes reported
following other serious athletic injuries (Caron et al., 2013; Kuehl et al.,
2010; Mihovilovic, 1968). Social support has been identified as important
to psychological recovery following more severe brain injuries (Gan et al.,
2006) as well as within the sport injury and rehabilitation process (Bianco,
2001; Clement and Shannon, 2011; Wiese-Bjornstal et al., 1998). Individu-
als who have sustained concussions are also likely to benefit from social
support. However, little is known about the role of social support in manag-
ing athletes’ concussion symptoms and related psychosocial outcomes. The
effect of support may be complicated in situations where norms encourage
athletes to play through their injuries and when athletes fear being stig-
matized by peers as lacking toughness (Safai, 2003; Young et al., 1994).
Qualitative interviews with five retired National Hockey League players
who had retired due to symptoms following multiple concussions revealed
that they were significantly affected by their injuries in their postathletic
careers and in their personal relationships. They continued to feel debili-
tated by post-concussive symptoms and experienced symptoms of anxiety
and depression. Three of the participants reported thoughts of suicide in
the months immediately following their retirement. Though it is difficult to
distinguish whether the experiences of these former athletes were a result of
multiple concussions or the end of their careers in professional ice hockey,
these findings indicate a need for professional support for athletes when
they are recovering from concussions and during the transition to their
post-athletic careers (Caron et al., 2013).

Recently, after several highly publicized suicides by professional ath-
letes who showed evidence of CTE, there has been growing interest in
understanding the relationship between multiple concussions and suicide
(Omalu et al., 2006; Reider, 2012). Though there is some indication of a
relationship between number of previous concussions and risk of develop-
ing depression, very little research has evaluated the relationship between
concussions and suicidal thoughts and behaviors. There are certainly theo-
retical reasons why individuals who have sustained concussions might be
predisposed to suicidal ideation and behavior. For example, there is grow-
ing evidence that individuals who attempt suicide, particularly those who
engage in high lethality attempts, show deficits in attention, working mem-
ory, and risk assessment, which overlap with the neurocognitive residua of
concussions, both in the short term and, for those with longer-lasting post-
concussive symptoms, in the long term as well (Bridge et al., 2012; Jollant
et al., 2005; Keilp et al., 2001, 2013). Thus, the deficits associated with a
concussion may lower the threshold for a person with suicidal thoughts to
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act on them. In addition, some of the associated symptoms of concussion,
namely pain, depressive symptoms, and sleep impairment, are common
antecedents of suicidal behavior (Goldstein et al., 2008; Wong et al., 2011).

There is a growing literature on the relationship between more severe
TBI and suicidal behavior. Oquendo and colleagues (2004) examined a
clinical sample of depressed patients and found that while a past history of
TBI was a risk factor for suicidal behavior, this increased risk for suicidal
behavior was explained by the higher rates of substance abuse, cluster B
personality disorder, and higher self-reported aggression and hostility in
those with TBI. Because this was a cross-sectional study, it was not possible
to determine if these characteristics antedated—and perhaps contributed
to—the TBI or if they were sequelae of the TBI. Mainio and colleagues
(2007) found that among suicide victims, those with TBI were more likely
to have been hospitalized for a psychiatric disorder and to have a substance
abuse disorder. In a review paper Simpson and Tate (2007) found that
pre-morbid psychiatric disorder and substance abuse, a previous suicide
attempt, and severe hopelessness were all related to patients with TBI mak-
ing a suicide attempt. Similar correlates of suicidal ideation were found
in community-dwelling adults with a history of TBI (Tsaudousidies et al.,
2011), namely, a current psychiatric diagnosis of depression, anxiety, or
posttraumatic stress disorder (PTSD) and a history of pre-morbid substance
misuse. In this sample there was no relationship between injury severity
and suicidal ideation, with 32 percent of those with moderate to severe TBI
and 25 percent of those with mild TBI (mTBI) reporting suicidal ideation.
Conversely, among patients undergoing treatment for substance abuse,
those with a history of TBI were more likely to have had parental loss and
childhood conduct disorders and, as an adult, to have made a suicide at-
tempt (48 percent versus 37 percent) (Felde et al., 2006).

In military populations, those under care in the Department of Veterans
Affairs (VA) system with a history of TBI were 1.55 times more likely to die
by suicide than were those without a history of TBI (Brenner et al., 2011).
Greater injury severity was associated with a greater risk of suicide. Among
deployed military personnel with mTBI, increased suicidality was associated
with depression and with its interaction with the presence of PTSD (Bryan
et al., 2013). Similarly, in veterans with TBI, PTSD is a significant risk fac-
tor for suicide attempts (Brenner et al., 2011). A study of military person-
nel (n=161) provides preliminary evidence of a dose-response relationship
between the number of TBIs (none, single, multiple), including concussions,
an individual has sustained during his or her lifetime and suicidal thoughts
or behavior (Bryan and Clemans, 2013). These results persisted even after
controlling for the effects of depression, PTSD, and TBI symptom severity.
Further research is needed to confirm these findings.

In summary, the long-term effects of repeated concussions have been
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linked to risk for depression in retired professional football players, al-
though suicidal ideation and behavior have not been reported in these
samples (Didehbani et al., 2013; Guskiewicz et al., 2007). In both military
and non-military samples, while there appears to be an increased risk for
suicidal behavior and suicide associated with TBI, the increased risk has
been reported to occur with injuries of greater severity than concussion in
most studies (Brenner et al. 2011; Tsaudousidies et al., 2011). In military
samples, depression and PTSD are strong contributors to suicidal risk in
those with TBI (Brenner et al., 2011; Bryan et al., 2013), and one recent
study found that TBI makes a unique contribution to the risk for suicidal
ideation or behavior even after controlling for depression and PTSD (Bryan
and Clemans, 2013). Prospective studies that examine changes in depression
and suicidal ideation behavior pre- and post-concussion will be required to
address whether there are increased risks for suicidal behavior in individu-
als who have suffered a sports-related concussion. Only one intervention
study for suicide prevention in individuals with TBI has been reported. In
a pilot study Simpson and colleagues randomly assigned 17 patients with
TBI and moderate to severe hopelessness or suicidal ideation, or both, to
cognitive psychotherapy or usual care, and they found significant decreases
in hopelessness in the treatment group versus the usual care group (Simpson
et al., 2011). Clearly more work needs to be done on identifying individuals
with concussion who are at risk for suicide as well as in developing effective
interventions to reduce suicidal risk.

EXPERIMENTAL MODELS

Behavioral and Cognitive Consequences

Several experimental models of repeat TBI have demonstrated changes
in behavioral outcome in the absence of overt pathology (DeFord et al.,
2002; Prins et al., 2010; Shitaka et al., 2011). The Morris water maze
(MWM) task has been traditionally used to quantify memory and learning
impairments after moderate TBI and has been used to detect acute deficits
after mTBIL In two models of repeat weight drop injury and controlled
cortical impact (CCI) injury in the adult mouse, repeat TBI produced
significant latency deficits in the MWM 7 days post injury in the absence
of histopathology as measured (Creeley et al., 2004; DeFord et al., 2002;
Shitaka et al., 2011). Among the studies addressing the cognitive conse-
quences of repeat TBI in the younger brain, MWM deficits at 2 weeks
post injury were not detected in 11-day-old rats that received one to three
closed-skull CCI injuries (Huh et al., 2007). Because deficits detected by the
MWM task following mTBI can be subtle and short-lived, other behavioral
assessments have been used to quantify cognitive dysfunction. In a juvenile
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repeat closed-head CCI injury model, the novel object recognition (NOR)
task was used to evaluate transient memory impairments, in the absence
of overt cell death, in rats (Prins et al., 2010). Thirty-five-day-old rats
were given sham, single, or two injuries (over a 24-hour interval) and were
tested in the NOR task 24 hours after the last injury. All groups were able
to recognize the novel object when the interval between familiar objects
and novel object was 1 hour. Increasing the interval to 24 hours made the
task more difficult and resulted in both injured groups showing significant
impairments that were alleviated after 3 days of recovery only in the once-
injured group (Prins et al., 2010). Findings from this study demonstrate
the value of using other testing paradigms to characterize the nature of
behavioral and cognitive deficits after mTBI and repeat mTBI. Collectively,
experimental models have been able to mimic the acute memory deficits
often clinically reported in the absence of gross pathology in both the adult
and younger age groups. Future studies need to focus on age and gender
differences following multiple concussions.

Acute Cellular Pathology

Experimental models have also been able to show axonal pathology
following repeat TBI. Huh and colleagues (2007) used a modified convex
silicone 5-millimeter tip to deliver an impact to 11-day-old rats held within
a stereotaxic frame. The effects of a single impact were compared to those
of sham impacts and of two or three injuries delivered at S-minute inter